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CHAPTER 1 
INTRODUCTION AND BACKGROUND 
1.1 Introduction 
The purpose of seismic building code provisions is to provide "the minimum criteria considered 
prudent and economically justified for the protection of life safety in buildings subject to 
earthquakes ... " [BSSC, 1992]. To this end, the intent of most seismic design provisions in the United 
States (for example, the Uniform Building Code [lCBO, 1991]) is to provide design and analysis 
procedures which, if used, should result in structural designs which achieve the following three 
perfonnance objectives [ATC-34, 1993]: 
• For small earthquakes which might occur frequently during the design life of the structure, 
no damage to the structure should occur. 
• For moderate earthquakes which might occur infrequently during the design life of the 
structure, little or no structural damage should occur. However, some nonstructural 
damage is acceptable. 
• For a large (severe) earthquake, both structural and nonstructural damage might occur; 
however, the structure should not collapse. 
The seismic design provisions of most US building codes define a single "design earthquake" 
as an earthquake which has a ten percent (10%) probability of exceedance in fifty (50) years, and the 
codes provide corresponding estimates of peak (or effective) ground acceleration or related ground 
motion parameters for the various regions of the US. These ground motion parameters are then used 
in conjunction with simple formulas to determine a distribution of static lateral forces for which the 
structure should be designed. The resulting forces are " 'equivalent' to the dynamic forces of an 
earthquake only in the sense that a structure designed to resist the code forces without overstress ought 
to be able - if the design is carefully executed to account for stress reversals, provide adequate member 
ductility, and provide connections of sufficient strength and resilience - to resist minor earthquakes 
without damage, resist moderate earthquakes without extensive structural damage, and resist major 
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1.2 Background 
There are many issues which need to be considered in the development of alternative seismic 
design provisions for standard bUildings. Some of these issues are listed below and discussed in the 
sections to follow. 
1. Evaluation of Current Performance Objectives 
2. Single-Level versus Dual-Level Design Criteria 
3. Specification of Design Ground Motion 
4. Site Soil Effects on Free-Field Motion 
5. Strength Reduction Factors Used to Account for Inelastic Behavior 
6. Direct Use of Inelastic Response Spectra in Design 
7. Observed Discrepancies Between Actual Strength and Nominal Strength 
8. Measures of Damage and Acceptable Damage Levels 
9. Incorporation of Reliability Concepts 
1.2.1 Evaluation of Current Performance Objectives 
As noted in Section 1.1, most cUrrent U.S. seismic design provisions have fonnally adopted three 
perfonnance objectives. However, the primary design objective is to prevent substantial loss of life 
in the "design level" earthquake event [ATC-34, 1994]. This is commonly referred to as the 
"life-safety" performance objective. The large economic losses resulting from recent earthquakes 
such as the 1994 Northridge Earthquake in California have led some members of the engineering 
community to advocate a restatement of performance 0 bjectives to give more consideration to property 
protection while maintaining life safety as a "minimum" requirement [Seismatters, 1995]. 
1.2.2 Single-Level versus Dual-Level Design Criteria 
The three perfonnance objectives stated in Section 1.1 relate various earthquake levels to desired 
structural performance. The current US seismic design provisions attempt to achieve all three 
5 
other parameters) which are specified on "seismic hazard" maps provided in the codes. 
Older versions of many codes used peak/effective ground acceleration for scaling design spectra. 
However, s-uch an approach is not perfect since peak/effective ground acceleration only characterizes 
the high frequency portion of the response spectrum [Trifunac, 1992]. Algermissen and Leyendecker 
[1992] report that response spectra have distinct regional shapes, and they argue that codes should 
specify response spectral ordinates instead of ground acceleration. Such an approach is also supported 
by Trifunac [1992] who states that "the response spectrum amplitudes should be scaled directly, using 
parameters which describe the source, the propagation path and the local soil and geologic conditions." 
Such information has recently been developed and included in the Appendix to Chapter 1 of the 
NEHRP Provisions [BSSC, 1992]; however, this information is labelled as "preliminary" and is 
included "to obtain broad professional review and comment." 
1.2.4 Site Soil Effects on Free-Field Motion 
The term "site soil effects," as used here, does not cover the phenomenon of soil-structure 
interaction. The term "site soil effects" refers to the effects which subsurface soil properties and 
geological features have on the free-field ground motion at the site. Soil-structure interaction, on the 
other hand, refers to the interrelationship between the dynamic characteristics of a structure and the 
dynamic properties of the underlying (supporting) soils and the resulting effects on the structure's 
dynamic response [BSSC, 1992]. 
Local soil conditions influence both the amplitude and the shape of a response spectrum at a site. 
For this reason, Krawinkler and Rahnama [1992] suggest that the assessment of site soil effects should 
be based on spectral amplifications and not on the amplification of the peak ground acceleration. Local 
soil conditions can have a significant effect on the nonlinear response of a structure during strong 
ground motion [Miranda, 1992] and thus can affect the amount of damage sustained by a structure. 
Current seismic codes use a constant, ductility-independent soil factor; Krawinkler and Rahnama 
[1992] indicate that this may be inappropriate. 
As noted earlier, most current seismic design provisions account for site soil effects by using a 
site soil coefficient. The codes typically identify 3 or 4 soil type classifications (see, for example, 
BSSC [1992] and Chapter 3) and each classification has associated with it a site soil coefficient. This 
7 
1.2.6 Direct Use of Inelastic Response Spectra in Design 
Inelastic response spectra provide one means of quantifying how inelastic behavior affects the 
response of a system. Specifically, a constant ductility inelastic response spectrum provides 
information on the inelastic behavior of a single-degree-Qf-freedom (SDOF) system for a defined 
ductility ratio and a prescribed restoring force function and damping level. Riddell [1979] calculated 
inelastic response spectra for three types of restoring force functions and various values of damping 
and ductility. He observed that SDOF systems with the same type of restoring force function, same 
frequency, and same level of damping can behave differently for the same earthquake input depending 
on the selected yield displacement. Furthermore, the yield displacement at which the desired ductility 
is achieved is not unique; multiple yield points can result in the same ductility ratio. Radicchia et ale 
[1992] report that there is a significant amount of scatter in the responses of nonlinear structures for 
input accelerograms with similar elastic response spectra, similar durations, and similar maximum 
accelerations. Miranda [1992] studied inelastic spectra and concluded that the shape of an inelastic 
response spectrum for a fixed ductility ratio is different than the shape of the corresponding elastic 
spectrum. He also noted that a "reliable" estimate of inelastic strength on soft soils requires 
consideration of the predominant site period. In a later study, Miranda [1993] proposed a probabilistic 
approach to computing inelastic response spectra for use in design. 
The above results from studies of inelastic response spectra clearly indicate the complexity of 
evaluating inelastic response for simple SDOF systems. Due to the complexity and scatter of the 
results, a statistical treatment of inelastic spectra on a "site-specific" or "regional" basis appears to 
be the only means of incorporating inelastic response spectra in reliability-based seismic design 
provisions. 
It is important to recognize that real structures are multi-degree-of-freedom (MDOF) structures, 
and any attempt to apply inelastic response spectra to building design will require system-dependent 
modification factors to. convert a SDOF inelastic response to an "equivalent" MDOF inelastic 
response [Nassar et al., 1992]. Some research work to identify the relationships between SDOF and 
MDOF responses has been done by Bazzurro and Cornell [1992], Nassar et ale [1992], Osteraas and 
Krawinkler [1990], Nassar and Krawinkler [1991], and others. Krawinkler [1993] points out that 
MDOF effects in the inelastic range may be different than MDOF effects in the elastic range, and these 
! 
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deformation- concepts [ATC-34, 1993]. Current US seismic design provisions include drift 
compliance checks to avoid geometric instabilities and to reduce damage [Merovich, 1992]. However, 
these provisions "do not provide a good estimate of actual drift" [Qi and Moehle, 1991]. 
Structures generally sustain more damage when subjected to repeated cycles of inelastic action 
as opposed to a single large load reversal [O'Connor and Ellingwood, 1987]. Therefore, some measure 
of "cumulative damage" due to cyclic loading may be a better means of defining acceptable damage 
levels. There are several proposed measures of damage presented in the literature [O'Connor and 
Ellingwood, 1987; Park and Ang, 1985; Park et al., 1985; Veneziano, 1981] which consider maximum 
overall deformation and cumulative damage. These measures of cumulative damage account for the 
relation between the duration of strong ground motion and damage. 
The focus of the research presented in this report is on steel building structures. Under repeated 
cyclic loading, steel moment frame structures often exhibit relatively stable hysteresis behavior 
[ASCE-WRC, 1971]. Since the nature of inelastic response is typically a few excursions beyond 
elastic conditions instead of steady-state vibration in the inelastic range [Blume, 1960], it can be 
argued that cumulative damage should be less significant for such structures. In this case, maximum 
drift and global ductility provide simple and convenient measures of structural performance and 
damage despite their inability to reflect the relationship between strong ground motion duration and 
damage. Other advantages and disadvantages of design procedures based on drift and ductility are 
discussed by Bertero et al. [1991]. 
1.2.9 Incorporation of Reliability Concepts 
A general definition of reliability is the probability of successful performance of a system [Rao, 
1992]; use of the term" successful performance" implies that the system performs its intended function 
or mission [Ang and Tang, 1984]. The ATC-34 committee on critical code issues [1993, 1994] has 
stated that "the performance and reliability of buildings designed according to code provisions against 
future earthquakes are not defined and unknown." Furthermore, Merovich [1992] points out that "the 
ability of a given design to meet the performance objectives can not be directly evaluated within the 
framework of the procedures. The lack of a system for measuring the reliability of the expected 
performance represents a significant shortcoming of the procedure." 
( 
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CHAPTER 2 
UNIFORM HAZARD SPECTRA 
2.1 Overview 
There are two approaches for estimating the seismic hazard at a particular site: probabilistic 
seismic hazard analysis (PSHA) and deterministic seismic hazard analysis (DSHA). The goal of a 
deterministic analysis is to determine one (or several) maximum credible earthquakes and 
representative ground motion acceleration records and response spectra for these earthquakes. A 
probabilistic analysis "evaluates the hazard of seismic ground motion at a site by considering all 
possible earthquakes in the area, estimating the associated shaking at the site, and calculating the 
probabilities of these occurrences" [National Research Council, 1988]. Green and Hall [1994] provide 
a general overview of both types of analysis methods. Krinitsky [1993a, b,c] and the National Research 
Council [1988] provide more detailed discussions on deterministic and probabilistic analysis methods 
and the advantages and disadvantages of each. 
A recent study on improvements for future seismic design codes [ATC-34, 1993 & 1994] states, 
"probabilistic seismic hazard analysis (PSHA) provides the most rational means by which to quantify 
the earthquake ground motion shaking hazard at the site of a building." This chapter presents the 
results of a simplified PSHA for a site near Los Angeles, California. The PSHA described herein uses 
simulation techniques to determine the seismic hazard at the site. Based on the seismicity of the 
surrounding region, artificial earthquake ground motion acceleration records are generated and used 
to compute the linear elastic and nonlinear inelastic response of single-<iegree-of-freedom oscillators. 
Section 2.2 and Appendix A provide information on the ground motion simulation. Sections 2.3 and 
2.4 present the results of the PSHA in the form of unifonn hazard spectra. 
\ 
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evaluations at sites outside of California, the seismicity within a larger surrounding region may 
contribute to the seismic hazard. 
2.2.2 Zones of Earthquake Activity 
The region surrounding the Los Angeles site is subdivided into "seismic zones." Figure 2.1 
presents a plot of the various zones and their location with respect to the site. (The site is located at 
the origin of the plot) Each seismic zone is assumed to have uniform seismicity characteristics (i.e., 
earthquakes are equally likely to occur anywhere within the zone, and the earthquakes which do occur 
will be assumed to follow the same probability distributions). The seismic zones are based on the zones 
used by the U.S. Geological Survey [Algermissen et al., 1982; Algermissen and Leyendecker, 1992]. 
The coordinates of the zones [from Thenhaus, 1994] were given in longitude/latitude coordinates 
(8Iong,8Iat). These coordinates were converted to rectangular coordinates using the following 
approximate formulae: 
n8 lat n(81ong + 118) 
x = R cos( 180) 180 
n(81at - 34) y = R 180 
(2.1a) 
(2.1b) 
where x and y are the horizontal and vertical coordinates, respectively, and R is the mean radius of the 
earth which is taken to be 6370 Ian [Halliday and Resnick, 1981]. Note that 8long is a negative number 
when used in Equation (2.1a). 
2.2.3 Modelling Earthquake Occurrences and Magnitudes 
Earthquakes are assumed to be exponentially distributed with respect to magnitude and 
interoccurrence time. (The exponential distribution of interoccurrence times implies a Poisson 
distribution of the number of earthquakes which occur within a given time span.) These assumptions 
are consistent with the assumptions used by Algermissen et ale [1982, 1990, 1991, 1992]. The 
distribution parameters for each zone were derived from statistics compiled by the US Geological 
Survey [Thenhaus, 1994]. A summary of these distribution parameters is provided in Tables 2.1 and 
, 
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2.2.4 Generation of Simulated Earthquake Accelerograms 
The mathematical equations used to generate the artificial earthquake ground motions are 
presented in Appendix A. The basic features and limitations of the procedure are summarized below. 
• The total duration of each simulated record consists of three time phases corresponding to 
(1) the build-up of ground motion amplitude, (2) the strong motion phase, and (3) the phase 
during which the amplitude of ground motion decays. The regression equation for strong 
motion duration used by Eliopoulos and Wen [1991] is used to detennine the duration of 
the strong motion phase, and the build-up and decay phases are modelled as random 
functions of the strong motion duration. The amplitude of the records during each phase 
is controlled using the amplitude modulation function suggested by Clough and Penzien 
[1975]. 
• The frequency content of each of the simulated earthquake records is modelled using the 
regression equation for Fourier amplitude spectrum proposed by Trifunac [1993}. This 
regression equation models the variation of frequency content with magnitude, distance, 
and soil conditions. The Fourier amplitude spectrum is used to determine a corresponding 
target power spectral density function. 
• A very crude model for frequency modulation is used to approximate nonstationary 
frequency content. The target power spectral density function is divided into a high 
frequency portion and a low frequency portion. Modulation functions are used to 
emphasize either the high or the low frequency portion of the power spectral density during 
the total duration of the record. 
• The effects of directivity are not explicitly accounted for in the simulation procedure. As 
noted by Somervilleetal. [1995], Safakand Frankel [1994], and others, for sites near active 
faults, directivity effects can be significant. Somerville et ale [1995] have recently 
proposed regression formulas for the ratio of fault-normal and fault-parallel ground 
motion and the ratio of fault-normal to average horizontal ground motion. Such formulas 
may be useful in future simulation studies where fault orientations and rupture lengths are 
considered. 
• The peak ground acceleration for each simulated earthquake is determined using the 
, . 
~-
- Exceedance Probability 
50% in 50 years 
10% in 50 years 
10% in 100 years 
10% in 250 years 
17 
COVC%) 
9 
24 
34 
54 
The large COY values for the smaller exceedance probabilities must be taken into consideration when 
interpreting the results in subsequent sections. 
2.3 Uniform Hazard Spectra for Linear Elastic Response 
At each of the seven periods considered, the response of a SDOF oscillator with a linear elastic 
restoring force (spring force) was calculated for each simulated earthquake record. The governing 
equation of motion for the SDOF oscillator is 
.. . 2 
d + 2~oond + (OOn )d = - Xg (2.3) 
where d is the relative displacement of the mass with respect to the base of the oscillator, Xg is the 
ground displacement, O)n is the natural frequency (O)n=2nrr n ; T n=natural period of the oscillator), and 
1; is the damping ratio. Dots indicate time derivatives. A damping ratio of 0.05 was used in all analyses. 
The maximum value of d (dmax or Sd) at a particular natural frequency for a particular ground 
motion (base motion) record can be used to determine a nondimensional spring force coefficient, Ceo 
The spring force coefficient is defmed as follows: 
C
e 
= maxlffium spring force 
(mass) (gravity) (2.4) 
In terms of the parameters in Equation (2.3) and the maximum relative displacement, Sd, the spring 
force coefficient can be expressed as 
S ",- S C = (0) )2--i = (_~L)2--i 
eng Tn g (2.5) 
where g is the acceleration of gravity expressed in appropriate units. Note that Ce is equal to the 
19 
In general, uniform hazard spectra for linear elastic response do not have the same shape for all 
regions of the country [Frankel etal., 1994]. Algennissen and Leyendecker [1992] have proposed that 
an approximate uniform hazard curve can be constructed based on knowledge of the ordinates at two 
periods: 0.3 second and 1.0 second. This idea has been incorporated into the Appendix to Chapter 1 
of the NEHRP Recommended Provisions [BSSC, 1992] for constructing design spectra. Contour 
maps of the ordinates at 0.3 second and 1.0 second are provided in the NEHRP Recommended 
Provisions for exceedance probabilities of 100/0 in 50 years and 10% in 250 years. Algermissen and 
Leyendecker suggest that the following formula can be used to construct an approximate unifonn 
hazard curve for linear elastic response: 
P P 0 CeP(T = 1.0) ] Ce (T) = minimum[ Ce (T = .3) , Tn (2.7) 
where p is the exceedance probability, n is an exponent equal to 0.924 for California [Algermissen and 
Leyendecker, 1992], and CeP(T=O.3) and C~(T=l.O) are the mapped ordinates at periods of 0.3 and 
1.0 second, respectively. 
Figure 2.6 compares the approximate uniform hazard curves obtained using Equation (2.7) and 
the curves obtained by simulation for two exceedance probabilities: 10% in 50 years and 100/0 in 250 
years. The results compare favorably at an exceedance probability of 10% in 50 years, but the 
simulation results appear to underestimate the hazard for a probability level of 10% in 250 years. There 
are at least three possible reasons for the underestimation. First, the US Geological Survey considered 
fault rupture lengths in their studies to determine values of Ce(0.3) and CeO.O). The simulation model 
discussed herein treated earthquake occurrences as point sources, and this assumption can lead to an 
underestimate of the hazard at a site. (See Section 2.2.3.) Second, due to the limited number of 
simulations used, there is a large coefficient of variation corresponding to the small exceedance 
probability of 10% in 250 years. Third, the US Geological Survey used a minimum magnitude of 4.6, 
whereas the simulation procedure was based on a minimum magnitude of 5.0. A higher minimum 
magnitude can result in lower predicted exceedance rates (probabilities) [Bender and Perkins, 1993]. 
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coefficient, Cy, can be defined as the ratio of the spring force when d=dy to the weight of the oscillator. 
Mathematically, Cy can be expressed as 
(2.11) 
A t each period, Equation (2.8) was solved for discrete values of Cy for each simulated earthquake 
record. The statistics of the responses at each period and each value of Cy were used to estimate the 
probability of exceeding various target displacement ductility ratios. (Displacement ductility is 
defined as the maximum value of d divided by the yield displacement, dy.) Then, for each period and 
target ductility ratio, the exceedance probabilities were used to determine the parameters of an 
empirical function describing the annual probability of exceeding a target ductility value as a function 
of Cy. Several empirical models were investigated; the model which provided the best overall fit to 
the data was of the form 
P(~ > ~t GIVEN Cy) = (1 - Po)[l - exp { - (~)k}] 
y 
(2.12) 
where po=O.l2 is the annual probability of no earthquake occurrences, ~ is displacement ductility, Ilt 
is the target displacement ductility, and v and k are function parameters. Values of v and k for each 
period and target ductility are shown in Table 2.4. Figure 2.7 compares the exceedance probabilities 
from the simulation study with the probabilities predicted by the empirical function for T=O.3 second 
and a target ductility of 4. 
There are two different ways to present uniform hazard information for nonlinear inelastic 
response as shown in Figures 2.8 and 2.9. Each figure contains three plots. In Figure 2.8, each plot 
corresponds to a fixed value of ductility, and the variation in the required yield force coefficient with 
period is presented for various exceedance probabilities. (Recall that the probability refers to the 
probability of exceeding the target ductility at the indicated value of Cy.) In Figure 2.9, each plot 
corresponds to a fixed exceedance probability, and the variation in the required force coefficient (Ce 
or Cy) with oscillator period is presented. 
The uniform hazard spectra presented in Figures 2.8 and 2.9 show some very significant trends: 
• For a fixed target ductility and period, the probability of exceeding the target ductility 
decreases as the yield force coefficient increases. (See Figure 2.8.) 
• For a fixed exceedance probability and period, the required yield force coefficient is a 
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Table 2: 1. Average occurrence rate and parameters for the cumulative distribution function of 
magnitude for each source zone (minimum magnitude=4.6). 
PARAMETERS FOR ANNUAL 
AREA MAGNITIJDE CUMULATIVE NUMBER OF 
ZONEID WITHIN RANGE DISTRIBUTION OF EARTHQUAKES ZONE MAGNITUDE WITHM;:::Mmin (km2) 
Mmin Mmax ak ~k Vk 
C002 231 4.6 7.6 1.6225 1.6095 0.009654 
C003 . 1656 4.6 7.6 1.6214 1.6084 0.08012 
C005 4558 4.6 6.4 1.7106 1.6175 0.02919 
C006 2226 4.6 7.6 1.6225 1.6095 0.09954 
C007 1543 4.6 7.6 1.6225 1.6095 0.05736 
C008 1362 4.6 6.4 1.7106 1.6175 0.01436 
C009 1151 4.6 6.4 1.7106 1.6175 0.01063 
C012 1737 4.6 7.6 1.6229 1.6100 0.07562 
C013 2687 4.6 7.6 1.6248 1.6119 0.2288 
C014 3609 4.6 8.2 2.5355 2.5352 0.1294 
C015 2322 4.6 8.2 1.7365 1.7331 0.2958 
C016 1494 4.6 8.2 1.9535 1.9518 0.02618 
C017 376 4.6 7.6 1.8502 1.8428 0.002622 
C018 2400 4.6 7.6 1.8690 1.8620 0.1645 
C019 2735 4.6 7.0 1.6467 1.6123 0.04989 
C020 3901 4.6 6.4 1.7058 1.6121 0.06867 
C021 1851 4.6 6.4 1.7078 1.6144 0.06454 
C022 891 4.6 6.4 1.6999 1.6054 0.01452 
C023 3619 4.6 8.2 1.4336 1.4252 0.07690 
C024 4296 4.6 8.8 1.6294 1.6277 0.3057 
C025 1799 4.6 7.6 2.0563 2.0519 0.02158 
C026 1148 4.6 7.6 2.0684 2.0641 0.03801 
C027 2563 4.6 7.6 1.4501 1.4303 0.02676 
C028 1254 4.6 7.6 1.4483 1.4283 0.05560 
C033 2048 4.6 8.2 1.4350 1.4266 0.05780 
1011 2900 4.6 7.6 2.4749 2.4734 0.05894 
1012 10,755 4.6 7.6 2.4727 2.4712 0.03741 
1013 1863 4.6 7.6 2.4120 2.4102 0.006685 
1020 1711 4.6 7.6 2.4706 2.4691 0.02878 
25 
Table 2.3. Parameters for the empirical probability distribution model for the elastic force 
coefficient, Ceo 
Po = 0.12 
Distribution Parameters 
Period (sec) 
cn k 
0.1 0.0579 2.91 
0.3 0.127 3.06 
0.5 0.134 3.63 
0.7 0.0845 3.02 
1.0 0.0604 2.87 
2.0 0.0273 2.64 
3.0 0.0181 2.57 
NOTE: Parameters were determined using raw data for probabilities of exceedance less than 5%. 
« ,~ 
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CHAPTER 3 
MODELLING SITE SOIL EFFECTS 
3.1 Overview 
Most seismic design provisions provide design values of ground motion parameters for a 
specified reference soil condition. These parameters are typically scaled by site coefficients (or site 
soil factors) to obtain estimates of the ground motion parameters appropriate for the local soil 
conditions where the structure is to be built For example, Table 3.1 lists the four site classes and the 
values of site soil coefficients adopted by the NEHRP Recommended Provisions [BSSC, 1992]. 
This chapter provides a summary of a recently proposed methodology for determining 
site-dependent design spectra. Like current procedures, the method uses scale factors to account for 
local site soil effects. However, unlike current procedures, the scale factors are determined using 
information on the level (severity) of input ground motion and the shear wave velocity of the 
near-surface soils at the site. The information presented in this chapter is adapted from two papers 
on the new methodology [Borcherdt, 1994a,b]. 
3.2 Site Classification 
In the proposed site classification scheme, the different site classes are distinguished based on 
the mean shear wave velocity of the top 30 meters of soil at the site, the physical properties of the soil 
materials, and the thickness of the various constituent components of the soil profile. Table 3.2 shows 
the proposed site classifications. A comparison of these classifications with the NEHRP classifications 
presented in Table 3.1 indicates the following: 
• Soil class Sl in the NEHRP classification scheme roughly corresponds to SC-I in the 
proposed scheme. 
• Soil class S2 in NEHRP is included in (but not precisely equivalent to) the combination of 
SC-ll and SC-III in the proposed scheme. 
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are 0.35 and 0.65, respectively. Figure 3.1 provides an illustration of how the above factors affect the 
NEHRP design spectrum for various soil conditions. A significant feature of the proposed 
methodology is the application of a soil factor to the short-period ("plateau") region of the design 
spectrum. 
Figures 3.2(a) and 3.3(a) compare the predicted amplification factors from Equations (3.1) and 
(3.2) with the raw data used to fonnulate the equations. These figures show the significant scatter in 
the data. For the short-period range, the standard error of the estimate oflog(F), OlogF, is about 0.21; 
for the mid-period range, the standard error of estimate is aboutO.18. Figures 3.2(b) and 3.3(b) present 
plots of the residuals (log(Fprediction)-log(Fdata)) on normal probability paper. Based on these results, 
it seems reasonable to model the residual as a normal random variable with zero mean and a standard 
deviation equal to the standard error of estimate, GlogF. This infonnation will be used in Chapter 5 in 
the uncertainty analysis. 
Prior to the 1994N orthridge Earthquake near Los Angeles, California, there was very little data 
available to test Equations (3.1) and (3.2) for higher levels of input motion. Thus, laboratory results 
and numerical models were used to extrapolate the amplification factors derived from the Lorna Prieta 
Earthquake to higher input ground motion levels. Results from these studies suggested that the 
extrapolation could easily be accomplished if the following two assumptions were made [Borcherdt, 
1994a,b]: 
1. The functional form of Equations (3.1) and (3.2) is preserved at higher levels of ground 
motion. This implies that the exponents rna and my are functions of input ground motion 
level. 
2. The response of the reference ground condition is not significantly affected by nonlinear 
behavior. 
Based on these assumptions, values of rna and my were proposed for higher levels of ground motion. 
These values are shown in Table 3.3 along with the corresponding values of the site soil factor. 
The Northridge Earthquake provided in-situ measurements of the response of various soil 
profiles to higher input ground motions. Preliminary analyses of this data indicate that the soil factors 
may not be as strongly dependent on input ground motion level as implied by the results in Table 3.3. 
More specifically, amplification factors for soil classes SC-Ib, SC-II, and SC-III for input ground 
motion levels up to O.5-O.6g appear to be comparable to the amplification factors derived from the 
Lorna Prieta Earthquake at the O.lg level. Until the analyses of the Northridge data are completed, 
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Table 3.1. Site classification scheme and values of site soil coefficients used in the NEHRP 
Recommended Provisions. 
Site Classes and Site Soil Factors Used in the NEHRP Recommended Provisions 
(BSSC [1992]) 
S oil Profile Description Site Soil Type Factor, S 
A soil profile with either: 
(1) Rock of any characteristic, either shale-like or crystalline in nature, 
that has a shear wave velocity greater than 2500 feet per second (760 
S1 meters/second). 1.0 
(2) Stiff soil conditions where the soil depth is less than 200 feet and 
the soil types overlying the rock are stable deposits of sands, gravels, or 
stiff clays. 
A soil profile with deep cohesionless or stiff clay conditions where the 
S2 soil depth exceeds 200 feet and the soil types overlying rock are stable 1.2 
deposits of sands, gravels, or stiff clays. 
S3 
A soil profile containing 20 to 40 feet in thickness of soft to medium 1.5 
stiff clays with or without intervening layers of cohesionless soils. 
S4 
A soil profile characterized by a shear wave velocity of less than 500 2.0 feet per second containing more than 40 feet of soft clays or silts. 
NOTE: These site soil factors are to be used in conjunction with the mapped values 'of Aa and Av. 
Different soil factors apply when mapped spectral ordinates are used in design. 
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Table 3:3. Values of site soil factor at various input ground motion levels using the methodology 
proposed by Borcherdt. 
Values of Short and Mid-Period Site Soil Factors: 
Reference Soil Conditions: SC-Ib; Reference Shear Wave Velocity=1050 m/s 
(Borcherdt [1994a,b]) 
Short-Period Site Soil Factor Mid-Period Site Soil Factor 
I=Aa 
(g) rna Vsite= Vsite= Vsite= Vsite= Vsite= mv Vsite= Vsite= Vsite= Vsite= Vsite= 1620 1050 540 290 150 1620 1050 540 290 150 
0.1 0.35 0.9 1.0 1.3 1.6 2.0 0.65 0.8 1.0 1.5 2.3 3.5 
0.2 0.25 0.9 1.0 1.2 1.4 1.6 0.60 0.8 1.0 1.5 2.2 3.2 
0.3 0.10 1.0 1.0 1.1 1.1 1.2 0.53 0.8 1.0 1.4 2.0 2.8 
0.4 -0.05 1.0 1.0 1.0 0.9 0.9 0.45 0.8 1.0 1.4 1.8 2.4 
NOTE: The input ground motion level, I=Aa, is based on the definition of effective peak ground 
acceleration for Sl soil conditions used in the NEHRP Recommended Provisions [BSSC, 1992]. 
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CHAPTER 4 
EQUIVALENT SYSTEM METHODOLOGY 
4.1 Overview 
As discussed in Chapter 2, uniform hazard spectra provide probabilistic information on the 
response of a single-degree-of-freedom (SDOF) oscillator. In order to use uniform hazard spectra 
in design, some method is needed to relate the response of a SDOF oscillator to the response of a real, 
multi-degree-of-freedom (MDOF) structure. This chapter discusses an approximate analysis 
methodology which uses the results of static push-over analyses to develop "equivalent" SDOF 
models (also known as a generalized SDOF models) of a MDOF structure. The concept of an 
equivalent SDOF model is not new; several methodologies have been proposed in the literature. (See, 
for example, Saiidi and Sozen [1979], Mahin and Lin [1983], Qi and Moehle [1991], Biggs [1964], 
Anderson [1989], Bonacci [1994], Krawinkler [1995], and' Fajfar and Fischinger [1988].) The method 
described in this chapter is a variation of the method proposed by Qi and Moehle. 
4.2 Use of Static Push-Over Analyses 
Most current seismic design codes pennit the use of an equivalent lateral force procedure for 
designing standard buildings. The equivalent lateral force procedure is essentially a linear elastic static 
force procedure since the structure is designed "based on the internal forces resulting from a linear 
elastic analysis using the prescribed forces" [BSSC, 1992]. The magnitude of the loads applied to the 
structure is determined based on a consideration of the structure's ability to absorb and dissipate energy 
through nonlinear inelastic response behavior. 
A 102:ica1 extension of the eauivalent lateral force design nroceonre wonlr1 he. to ne.rfnTITI a 
'-" - - - - -~--- - -- ----- -. ----- ----<;;:>-- 1::------- .. ---- -- -- r------
nonlinear static push-over analysis of the structure. It has been suggested [e.g., Nassar and 
Krawinkler, 1991; Krawinkler, 1995; Applied Technology Council, 1994] that such an analysis could 
be used as a means of design verification. The goal of a nonlinear static analysis would be to "permit 
47 
profile of the structure which has been normalized such that the component of {Wl} corresponding 
to the top (roof) displacement is unity. Furthennore, assume that this profile remains constant, i.e., 
{'Pl} is not a function of time. Thus, with this assumption, the vector of lateral displacements in 
Equation (4.1) can be represented as {u(t)}={'Pl}D(t). The vector {'Vl} can be chosen based on the 
results of a static push-over analysis of the MDOF structure. (The lateral displacement vector {Ustatic} 
at some stage. of the push-over analysis can be selected and suitably nonnalized to obtain {Wl}. See 
Figure 4.1 (a).) The push-over analysis is carried out by incrementally scaling a prescribed lateral 
force distribution, {f}, which has been normalized such that it corresponds to a base shear of unity (i.e., 
{ 1 } T {f}= 1). At any stage of the push-over analysis, the applied force distribution is represented by 
V{f}={Vf} where V is the scale factor and physically represents the base shear. Since the restoring 
force vector, {R}, in Equation (4.1) can be interpreted as the static nodal forces associated with the 
nodal displacements {u}, it is assumed that {R} can be represented by the same set of forces used in 
the push-over analysis, i.e., {R}=V{f}. Substituting for {R} and {u} the relations V{f} and {'Vl}D, 
respectively, Equation (4.1) becomes 
[M] {'¥ I} D + [C] {W d D + V {f} = - [M] { 1 } Ug (4.2) 
During the push-over analysis, the variation of V with D can be monitored, and a plot of V versus 
D can be generated. For example, Figure 4.1 (b) is a plot of V versus D obtained from a static nonlinear 
push-<)ver analysis of a nine-story frame. In general, the resulting V versus D curve can be represented 
mathematically as 
V = KO(D) (4.3) 
where K is the slope of the initial portion of the curve and OeD) is the scalar mathematical function 
describing the shape of the curve. For example, if V varies linearly with D, then G(D)=D. If the 
relation between V and D resembles a bilinear relation, then (for initial loading) 
OeD) = D for D ~ Dy (4.4a) 
OeD) = Dy + a(D - Dy) for D > Dy (4.4b) 
where a is the post-to-preyield stiffness ratio and Dy is the "global yield displacement" identified 
I~ 
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structure. However, seismic codes typically specify requirements to control the drift in each story. 
Thus, for design purposes, it is necessary to relate the global drift ratio to the maximum interstory drift 
ratio. Thiscan be accomplished in an approximate manner through the use of a factor ~LG as described 
below. 
In the equivalent SDOF model, a constant normalized displacement profile is assumed and is 
described by the vector {WI}. Based on this assumption, the vector of lateral floor displacements is 
{u(t)}={W1}D(t), and the vector of maximum floor displacements is {umax)={Wl}Dmax. The 
resulting story drift ratio at any story "i" can be defined in tenns of the displacements of floor "i" 
directly above the story and the floor "i-l" directly below the story by 
A _ umax,i - umax,i -1 Dmax[W 1,i - W 1,i - d 
uL - -h· h· 1 1 
(4.9) 
where .6.L is the interstory drift ratio and hi is the height of story "i". The maximum inters tory drift 
ratio among all stories is thus 
Also, the global drift ratio, ~G, is defined as 
A _ Dmax 
Uo -"ff 
(4.10) 
(4.11) 
where H is the total height of the building. Multiplying the right-hand side of Equation (4.10) by 
~G/ ~G and substituting Equation (4.11) for ~G in the denominator results in the following expression 
relating maximum inters tory drift ratio to global drift ratio: 
(4.12) 
. Thus, the factor ~LG is based on the assumed displacement profile used in developing the 
equivalent SDOF model and provides an approximate relationship between the displacement response 
predicted by the equivalent system model and the maximum interstory drift ratio for the MDOF 
structure. 
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4.5.2 Calibration of Equivalent System Parameters 
For each frame, different equivalent system models were developed to predict linear elastic 
response and nonlinear inelastic response. Also, equivalent system models were developed for both 
choices of the vector {'¥2} discussed in Section 4.3. In the sections below, the choice of {'¥2}={ I} 
is sometimes referred to as the "base shear formulation," and the choice of {'¥2}={'¥1} is sometimes 
referred to as the "virtual work formulation." 
For each frame, static push-over analyses were performed to calibrate the equivalent system 
parameters. For all static push-over analyses, {f} was chosen to be the UBC lateral force distribution 
[I CB 0, 1991]. The top concentrated force for this distribution was calculated using the period of the 
bare frame in the unstressed state. Two push-over analyses were performed for each frame. A linear 
elastic push-over analysis was performed to calibrate the parameters for the "linear" equivalent 
system model. This push-over analysis started from the unstressed state of the structure. The 
normalized lateral deflection profile {'Ill} is the same for all choices of the lateral deflection vector 
{ Ustatic} in this case. Then, a nonlinear push-over analysis was performed to calibrate the parameters 
for the "nonlinear" equivalent system model. This push-over analysis started from the stressed state 
resulting from the application of gravity loads, and geometric nonlinearities (P-~ effects) were 
considered. The normalized lateral deflection profile {'Ill} was obtained using the lateral deflection 
vector {Ustatic} at a global drift ratio of 1 %. (The choice of 1 % is based on the suggestion of Qi and 
Moehle [1991].) The V versus D diagram obtained from the nonlinear push-over analysis was 
approximated by a bilinear curve. The global yield displacement, Dy, was determined by finding the 
intersection point of a line tangent to the initial portion of the V -D curve with a line tangent to the V-D 
curve at about 1 % global drift (An alternative approach, as suggested by Qi and Moehle [1991] and 
Krawinkler [1995], would be to equate the areas under the approximate bilinear curve and the actual 
V-D curve.) 
Figures 4.2 through 4.7 provide sketches of the frames, the normalized lateral deflection profiles, 
and other information related to the push-over analyses. Table 4.1 summarizes some of the equivalent 
system properties for each frame and for each choice of the vector {'¥2}. 
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are for nonlinear inelastic response of the MDOF frames. In each figure, the two figures on the left 
compare predictions of roof displacement, and the two figures on the right compare predictions of 
maximum interstory drift ratio. The two figures at the top of each page show results for the equivalent 
system formulation using {'¥2}={'¥d, and the two figures at the bottom show results for the 
equivalent system formulation using {'¥2}={ I}. In each plot, a dot represents a comparison of the 
calculated response quantity for a particular earthquake record. If the dot is above the diagonal line, 
then the equivalent system model overpredicts the MDOF response; if the dot is below the diagonal 
line, then the equivalent system model underpredicts the MDOF response. Tables 4.2 through 4.5 
summarize the statistics of the "bias" factors for roof displacement and interstory drift ratio for each 
structure. The bias factor for a particular response quantity (displacement or drift) is the ratio of the 
response calculated using the MDOF model to the response calculated using the equivalent system 
model, i.e., 
MDOF response 
bias factor -
Equivalent system response 
(4.13) 
The information presented in Figures 4.8 through 4.19 and Tables 4.2 through 4.5 can be 
summarized as follows: 
• Linear Elastic Response - Virtual Work Formulation: The equivalent system model based 
on {'¥2}={'¥1} predicts maximum roof displacement very well. The mean values of the 
bias factor for roof displacement are all within the range 0.98 to 1.03. Furthermore, there 
is very little scatter in the data; the values of the standard deviation for the displacement 
bias factor are well below 0.1. The estimates of interstory drift ratio using ~LG and the 
maximum roof displacement are too low. This implies ~LG is too small. The mean values 
of the bias factor for drift ratio range from 1.10 for the 2-story MRF to 1.44 for the 12-story 
MRF. Also, there is more scatter in the data for drift. For example, for the 9-story MRF, 
the standard deviation in the drift bias factor is 0.35 which is about 7 times higher than the 
standard deviation in the displacement bias factor (0.051). The higher scatter is to be 
expected since the basic equivalent system formulation is for roof displacement, and the 
conversion of roof displacement to maximum interstory drift ratio is very approximate. 
• Linear Elastic Response - Base Shear Fonnulation: The equivalent system model based 
on {'¥2 }={ 1 } overestimates roof displacement; this tends to compensate for the small value 
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As mentioned earlier, the normalized lateral deflection profile {'II I} used to develop the 
nonlinear equivalent system models of each frame was obtained by normalizing the lateral deflection 
vector {Ustatic} corresponding to a global drift ratio of 1 %. The choice of 1 % is based on the suggestion 
of Qi and Moehle [1991]. Although somewhat arbitrary, this value is reasonable based on the 
following argument. First, assume that the maximum permissible in terstory drift ratio is about 1.5 %. 
If, on average, ~LG is about 1.2, then the corresponding maximum permissible global drift ratio is 
1.250/0. For the frames considered here, the global drift ratio at yield ranges from 0.47% to 0.78%. 
Thus, the 1 % global drift ratio is an intermediate value between the global drift ratio at yield and the 
maximum permissible global drift ratio. To evaluate how other choices of the lateral deflection profile 
would affect the parameters of the nonlinear SDOF models, the parameters were calculated for lateral 
deflection profiles obtained at several other values of the global drift ratio. Tables 4.6 through 4.11 
summarize the results. As the chosen global drift ratio increases, the value of PLG tends to increase. 
However, the scale factor P* applied to the earthquake ground motion tends to decrease. To get an 
idea of how these competing effects might affect the predictions of roof displacement and inters tory 
drift, the lateral deflection profile at a global drift ratio of 1.5% was used to formulate the nonlinear 
equivalent system models of the 9-story MRF. The analyses described in Section 4.5.3 were repeated, 
and the bias statistics for drift and displacement were calculated. Table 4.12 compares the results with 
the statistics discussed earlier based on the lateral deflection profile at 1 % global drift ratio. The 
changes in the bias factors for drift and displacement are all less than 10%. Since the prediction of 
roof displacement is affected only by P*, one would expect that the bias factor would increase as p* 
decreases; this expectation is confumed by the results in Table 4.12. The estimate of maximum 
interstory drift ratio is affected by the product of ~LG and P*. For the 9-story structure, the product 
~LGP* is higher at 1.5% global drift than at 1 % drift. Thus, one would expect the bias factor to 
decrease, and the results in Table 4.12 confrrm this. 
4.6 Summary 
Simplified analyses using equivalent system models of MDOF building frames should not be 
expected to provide accurate results under all conditions. However, as noted by Qi and Moehle [1991] , 
"the study of SDOF systems that closely represent the overall behavior of multi-story building 
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Table 4.1. Selected properties of the multi~egree-of-freedom (MDOF) models and the 
equivalent system (SDOF) models of the six building frames. 
Two-Dimensional Building Frame 
Property 2-Story 9-Story 12-Story 5-Story 5-Story 8-Story Dual MRF MRF MRF MRF CBF System (Irre gular) 1 
MDOF Properties 
Period, T 0.914 sec 2.33 sec 2.70 sec 0.983 sec 0.978 sec 2.72 sec 
Global Stiffness 10% 00/0 10% 10% 11% 4.5% Ratio, a 
Global Yield 2.6 in 9.8 in 13.4 in 4.8 in 4.5 in 6.7 in Displacement, Dy 
Strain Hardening 
for Individual 5% 0% 5% 5% 5% 2% 
Members 
Equivalent SDOF Properties & Values of ~LG 
T* (Linear, 0.914 sec 2.32 sec 2.68 sec 0.983 sec 0.977 sec 2.71 sec {'P2}={'Pl} ) 
T* (Linear, 0.920 sec 2.38 sec 2.77 sec 0.972 sec 0.971 sec 2.76 sec {'¥2}={ I}) 
T* (Nonlinear, 0.939 sec 2.50 sec 2.86 sec 1.03 sec 1.03 sec 2.96 sec {'P2 }={'P I}) 
T* (Nonlinear, 0.952 sec 2.59 sec 2.99 sec 1.03 sec 1.03 sec 2.92 sec {'P2 }={ I}) 
~LG (Linear) 1.01 1.14 1.11 1.26 1.18 1.68 
~LG (Nonlinear) 1.15 1.39 1.35 1.24 1.27 3.13 
1 The 8-story model is not intended to represent a realistic design. 
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Table 4~4. Statistics for the bias factor, NUD1SP, for estimates of maximum roof displacement for 
nonlinear inelastic response. 
N Drsp _ DMDOF u -
DEquivalent SDOF 
Structure 
{'¥2}={ I} (Base Shear) {'¥2}={'¥1 } (Virtual Work) 
Mean Std. Dev. Mean Std. Dev. 
2-Story MRF 0.89 0.10 0.95 0.081 
5-Story CBF 0.89 0.15 1.08 0.19 
5-Story Dual System 0.86 0.12 1.04 0.14 
9-Story MRF 0.79 0.18 0.92 0.17 
12-Story MRF 0.79 0.12 0.95 0.13 
8-Story 0.71 0.12 0.96 0.15 Irregular MRF 
All Data Except Irregular 0.84 0.14 0.99 0.16 Structure 
All Data· 0.82 0.15 0.98 0.16 
Table 4.5. Statistics for the bias factor, NuDRIFT, for estimates of maximum interstory drift ratio 
for nonlinear inelastic response. 
N DRIFT _ ~MDOF U - ~Equivalent SDOF 
Structure 
{'¥2}={ I} (Base Shear) {'¥2}={'¥1 } (VIrtual Work) 
Mean Std. Dev. Mean Std. Dev. 
2-Story MRF 0.96 0.14 1.03 0.13 
. 5-Story CBF 1.02 0.21 1.25 0.25 
5-Story Dual System 0.95 0.15 1.15 0.18 
9-Story MRF 0.90 0.19 1.06 0.20 
12-Story MRF 0.92 0.16 1.11 0.20 
8-Story 0.67 0.13 0.91 0.17 Irregular MRF 
All Data Except Irregular 0.95 0.17 1.12 0.21 Structure 
All Data 0.90 0.20 1.08 0.22 
I 
I 
L 
: ' 
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Table 4.8. Variation of nonlinear equivalent system properties with choice of {'If 1} for 9-story 
MRF. 
. - Global Drift Ratio Used to Select {'If1} 
Property At Global 
Yield 0.9% 1% 1.1% 1.3% 1.5% 
(0.69%) 
f3LG 1.16 1.31 1.39 1.45 1.57 1.61 
Equivalent System Using {'If2}={ I} (Base Shear Formulation) 
M* 8.120 8.997 9.300 9.536 9.957 10.197 
p* 1.817 1.640 1.586 1.547 1.481 1.447 
f* 0.413 0.393 0.386 0.381 0.373 0.369 
T* 2.420 2.547 2.590 2.622 2.680 2.712 
Equivalent System Using {'If2}={'¥ d (VIrtual Work Formulation) 
M* 5.715 6.571 6.918 7.198 7.717 8.049 
p* 1.421 1.369 1.344 1.325 1.290 1.267 
f* 0.425 0.407 0.401 0.396 0.387 0.382 
T* 2.351 2.455 2.495 2.526 2.583 2.618 
UNITS: M* (kips-s2/in), f* (Hz), T* (seconds) 
Table 4.9. Variation of nonlinear equivalent system properties with choice of {'II 1 } for 12-story 
MRF. 
Global Drift Ratio Used to Select {'PI} 
Property At Global 
Yield 0.9% 1% 1.1% 1.3% 1.5% 
(0.71 %) 
t3LG 1.10 1.29 l.35 1.40 1.45 1.47 
Equivalent System Using {'¥2}={ I} (Base Shear Formulation) 
M* 10.581 11.492 1l.840 12.097 12.440 12.634 
p* 1.865 1.718 1.667 1.632 1.587 l.562 
f* 0.354 0.340 0.335 0.331 0.327 0.324 
T* 2.823 2.942 2.986 3.019 3.061 3.085 
Equivalent System Using {'¥2}={'P I} (VIrtual Work Formulation) 
M* 7.341 8.216 8.595 8.896 9.326 9.588 
p* 1.441 1.399 1.378 1.360 1.334 1.318 
f* 0.367 0.354 0.349 0.346 0.340 0.337 
T* 2.723 2.821 2.862 2.894 2.938 2.964 
UNITS: M* (kips-s2/in), f* (Hz), T* (seconds) 
j 
~--
1_ 
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Table 4~ 12. Comparison of bias statistics (for nonlinear response) for the 9-story MRF for two 
choices of the lateral deflection profile {WI} . 
. -
Global Drift {'I'2}={ I} (Base Shear) {'¥2}={Wl} (Virtual Work) 
Bias Statistic Ratio Used to 
Obtain {'I'd Mean Std. Dev. Mean Std. Dev. 
1% 0.79 0.18 0.92 0.17 
NuDISP 
1.5% 0.86 0.23 0.96 0.24 
10/0 0.90 0.19 1.06 0.20 
NUDR1Fr 
1.5% 0.85 0.20 0.95 0.21 
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UBC Force 
Floor Mass Distribution 
(kip-s2/in) (kips) 
1.328 0.621 ---.. ! 1.689 0.379 -+ 
3 @ 25 ft 
Parameters for equivalent system - linear elastic analysis 
{'P d T (top to bottom) = { l.00, 0.532} K = 104 kips/in 
Parameters for equivalent system - nonlinear inelastic analysis 
K = 103 kips/in {'PdT (top to bottom) = {l.00, 0.615} 
Dy = 2.6 inches a (strain hardening) = 10% 
13 ft 
15 ft 
Figure 4.2. Information related to the linear and nonlinear static push-over analyses of the 
2-story MRF. 
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UBe Force 
Floor Mass Distribution 
(kip-s2/in) (kips) 
1.328 0.290 ~ 
1.672 0.117 .......... 
1.672 0.106 -. 
1.672 0.096 -+ 
1.672 0.085 -+ 
1.672 0.075 -+ 
1.672 0.065 -+ 
1.672 0.054 .... 
1.672 0.044 ... 
1.672 0.033 ... 
1.672 0.023 .. 
1.689 0.012 .. 
3 @ 25 ft 
Parameters for equivalent system - linear elastic analysis 
{WdT (top to bottom) = {1.00, 0.928, 0.837, 0.748, 0.658, 0.572, 0.484, 0.398, 
0.311,0.223,0.137,0.057} 
K = 52.9 kips/in 
Parameters for equivalent system - nonlinear inelastic analysis 
{WI}T (top to bottom) = {1.00, 0.947, 0.880,0.813,0.745,0.677,0.604,0.526, 
0.434, 0.331, 0.219, 0.109} 
Dy = 13.4 inches K = 52.4 kips/in a (strain hardening) = 10% 
13 ft 
13 ft 
13 ft 
13 ft 
13 ft 
13 ft 
13 ft 
13 ft 
13 ft 
13 ft 
13 ft 
15 ft 
Figure 4.4. Information related to the linear and nonlinear static push-over analyses of the 
12-story MRF. 
"-.-
Floor Mass 
(kip--s2/in) 
2.407 
2.803 
2.803 
2.803 
2.825 
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UBCForce 
Distribution 
(kips) 
0.342 
0.257 
0.195 
0.134 
0.072 
15 ft 
30 ft I I 
30 ft 
Parameters for equivalent system - linear elastic analysis 
{'¥dT (top to bottom) = {1.00, 0.778,0.548,0.332, 0.142} 
Parameters for equivalent system - nonlinear inelastic analysis 
{'¥d T (top to bottom) = {1.00, 0.862,0.672,0.426,0.181} 
Dy = 4.5 inches a (strain hardening) = 11 % 
K = 312 kips/in 
K = 311 kips/in 
13 ft 
13 ft 
13 ft 
13 ft 
15 ft 
Figure 4.6. Information related to the linear and nonlinear static push-over analyses of the 
5-story dual system (MRF/CBF). 
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Figure 4.14. Scatterplot comparing maximum responses (roof displacement and interstory drift ratio) predicted by equivalent SDOF 
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Figure 4.18. Scatterplot comparing maximum responses (roof displacement and interstory drift ratio) predicted by equivalent SDOF 
models with responses obtained from a MDOF model of the 5-story dual system (MRF/CBF). Response of MDOF model is 
nonlinear. 
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Figure 4.20. Comparison of roof displacement responses predicted by equivalent system models using both a true bilinear restoring 
force function and the smooth hysteresis model. Results are presented for three structures and for both options for formulating the 
equivalent system model. 
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5.2.1 Interpretation of Probability Statements 
The performance criteria considered herein are expressed as probabilities of exceeding 
code-specified target displacement levels. The probabilistic methods used to develop design 
equations based on these performance criteria implicitly assume that the structure is in "perfect" 
condition prior to the occurrence of an earthquake. In other words, any minor damage due to aging 
or past earthquakes has been repaired so that the structure is restored to its initial state prior to the 
occurrence of the next earthquake. Thus, the probability of future damage is assumed to be 
independent of what has (or may have) happened in the past. 
5.2.2 Alternate Interpretation of Site Soil Factors 
As discussed in Chapter 3, Borcherdt [1994a,b] has proposed an alternative methodology to 
account for site soil effects. Within the context of the NEHRP Recommended Provisions [BSSC, 
1992], soil factors Fa and Fv are to be used instead of the site coefficient, S, in calculating the design 
base shear coefficient, Cs(T). The base shear coefficient is defined as 
C (T) - .. [2.SAaFa s - rrunlmum R ' (5.1) 
where Aa is effective peak acceleration, Av is effective peak velocity-related acceleration, R is the 
response modification factor, and T is the fundamental period of the structure. 
In light of Equation (5.1), for R=l, the soil factor can be interpreted as a scale factor which is 
applied to the design base shear coefficient corresponding to linear elastic behavior and reference soil 
conditions. Values of R greater than 1 are used to adjust the elastic design base shear coefficient to 
account for inelastic behavior. For a linear elastic system (initially at rest) subjected to a given ground 
acceleration record, scaling the maximum response of the system by a factor F is equivalent to 
calculating the response of the system when it is subjected to F times the ground acceleration record. 
Therefore, the soil factor can be interpreted as a ground motion scale factor as well as a response scale 
factor. 
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(S.2) is solvea for a suite of ground motion records at various values of yield displacement, and the 
statistics of the responses are used to formulate an empirical function Zl(Cy) that describes the 
pro bability -of exceeding some displacement ductility value, fl.t, as a function of yield displacement or 
yield force coefficient Cy. (The yield force coefficient is proportional to yield displacement as 
discussed in Chapter 2.) Thus, 
Zl (Cy) = P(!J. > !J.t GIVEN Cy for S = 1) (S.S) 
Suppose that it is necessary to determine the function Zs(Cy) which describes the probability of 
exceeding !J.t when a random scale factor S (S ~ 0) is applied to the ground motion as shown in Equation 
(S.4). The function Zs(Cy) can be obtained using Z1(Cy) as follows: 
(S.6) 
In Equation (S.6), fs(s) is the probability density function for the random variable S. Equation (S.6) 
is the convolution with respect to S [Ang and Tang, 1984] and, in essence, represents a continuous fonn 
of the theorem of total probability. 
The basis for using Z1 (Cy/s) in Equation (S.6) can be explained as follows. Consider a single 
detenninistic value of the scale factor represented by S*. As discussed in Section S.2.3, ductility 
response is preserved if the ratio of maximum ground acceleration to yield displacement (or Cy) is 
preserved. Thus, for a fIXed Cy value, 
P(!J. > !J.t GIVEN Cy for S = 1) = P(!J. > f1.t GIVEN S*Cy for S = s*) (S.7) 
Alternatively, 
Cy * P(fl. > !J.t GIVEN S* for S = 1) = P(!J. > Ilt GIVEN Cy for S = S ) (S.8) 
In Equation (S.8), the left-hand side represents Z1 (Cy/S*) and the right-hand side represents Zs(Cy) 
for S=S*. 
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v for S 2 conditions 
Ce(T = 0.3, S2 soil) [ ]rn(Aa) - 2.5Aa = 0 
v for S 1 conditions 
(5.11) 
In this study, the value of shear wave velocity for S1 conditions was assumed to be 1335 rn/s, and the 
value of shear wave velocity for S2 conditions was assumed to be 540 mls. Since the soil factor depends 
on Aa, Equation (5.11) must be solved by trial and error to determine Aa. 
Equation (5.11) uses the value of Ce at T=0.3 second; for probability calculations at other periods, 
it is necessary to relate Ce(T) to a value of CeCO.3) in order to obtain a value of Aa. In this study, the 
value of Ce(T) was related to a value of CeCO.3) by requiring that both values be on the same unifonn 
hazard curve (i.e., the value of Ce(n and the corresponding value of Ce(0.3) were assumed to have 
the same probability of exceedance). 
To solve Equation (5.11), the variation of m with Aa must be modelled mathematically. A 
parabolic function of the form 
m(AJ = mO.1 + k(Aa - O.l)n (5.12) 
was found to provide a good fit to the data provided by Borcherdt. (See Table 3.3.) In Equation (5.12), 
mo. 1 is the value of the exponent for Aa=O.l, and k and n are parameters determined based on the data. 
The functional dependence given by Equation (5.12) was assumed to apply only for values of Aa 
between 0.1 and 0.4. For values of Aa below 0.1, m(AJ=mo.I was assumed. For values of Aa above 
0.4, m(Aa)=m(0.4) was assumed. The parameters rna.I, k, and n depend on the period range under 
consideration. In the short period range (T=O.l to 0.4 second), mo. 1 = 0.35, k = -1.874, and n = 1.268; 
for the mid-period range (T=O.4 to 2.0 seconds), mo.I = 0.65, k = -0.914, and n = 1.262. 
5.3 Uncertainty in Prediction of Linear Elastic Response 
For small to moderate earthquakes, it may be feasible to specify a performance criterion which 
limits the maximum interstory drift ratio, and it may also be appropriate to require the structure to 
remain linear elastic. For the present analysis, it is assumed that the code specifies a maximum 
interstory drift ratio, fl. S CODE, and a target probability of exceedance, Pt. The actual interstory drift 
ratio of the structure is fl.. Then, the performance criterion for interstory drift ratio might be stated as 
( 
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model ({'P2}={ I}), the distribution parameters c and k are 0.8506 and 6.391, respectively. 
For the virtual work formulation ({'P2}={Wd), the values ofc andkare 1.110 and 6.240, 
respectively. Figure 5.1 shows the empirical distribution function for each formulation and 
the corresponding raw data plotted on Type II probability paper. 
• The distribution for Ce was assumed to follow the modified Type II extreme value 
distribution discussed in Chapter 2. Parameters for this distribution are given in Chapter 
2. 
• The soil factor, F, can be written as 
(5.17) 
where c is a normally distributed random variable N[O.O, OlogF] representing the error 
(deviation) in 10g(F). (The variable c is -1 times the residual defined in Chapter 3.) The 
value of OlogF depends on the period of the structure. In the short period range, OlogF=0.21; 
in the mid-period range, OlogF=O.18. 
As discussed in Section C.2 of Appendix C, a First-Order Reliability Method (FORM) was used 
to calibrate Qt. Tables 5.1 and 5.2 present values of Qt for target exceedance probabilities of 50% in 
50 years and 10% in 50 years. (The basis for these target probabilities is discussed in Chapter 6.) Table 
5.1 presents values of the design factor for the case in which the dependence of the soil factor on the 
level of input ground motion is considered. Table 5.2 presents similar information for the case in which 
the dependence is neglected. The bias statistics for the equivalent system formulation using {'¥2 }={ 1 } 
are used, and the bias factor (n) is assumed to be 1.0. The design value of Ce is the value which has 
a probability of exceedance equal to Pt. The design value ofF is the value calculated using Borcherdt's 
formula assuming Aa=O.l even when the dependence of F on Aa is considered. The results in Tables 
5.1 and 5.2 can be summarized as follows: 
• When the dependence of the soil factor on Aa is neglected, the design factor at each period 
is independent of the site soil conditions. By manipulating some of the equations presented 
in Appendix C, it can be shown mathematically that this must be true. However, when the 
dependence of F on Aa is considered, the design factor is dependent on site soil conditions. 
For shear wave velocities larger than the reference value, the soil factor is an increasing 
function of Aa. This "positive" correlation effect results in larger values of the design 
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uncertainty for different period ranges. As the uniform hazard curves in Chapter 2 indicate, 
for a given change in exceedance probability (~Pt), the corresponding change ~Ce is larger 
In the short period range (around T=O.3 second) than it is for longer periods. In addition, 
the value of GlogF is larger for shorter periods. The combined effect is larger values of the 
design factors for shorter periods. 
Finally, recall that the performance criterion described in this subsection is based on linear elastic 
response. Thus, for design applications, it is necessary to verify that the structure remains linear elastic 
when subjected to some design base shear V=KD. (See Equation (4.3).) The proper value of D to use 
in determining the design value of V is not well-defined since there is no probabilistic performance 
criterion defined for base shear response. There are three possible choices: 
1. D=Dmax, where Dmax represents the maximum roof displacement of the actual structure 
corresponding to some probability of exceedance. 
2. D=DES, where DES is the roof displacement predicted using the equivalent system model 
and which corresponds to some probability of exceedance. 
3. D=DDRIFT, where DDRIFT is the roof displacement which is "back-calculated" from the 
probabilistic drift performance criterion. 
Option 1 requires consideration of the random variables NsDISP and F. (NsDISP is the bias factor 
relating the true roof displacement of the structure to the roof displacement predicted by the equivalent 
system model.) Option 2 requires consideration of the site soil factor F only. Option 3 is the simplest 
because it uses the same design factors derived based on the drift criterion. In the design procedure 
outlined in Chapter 6, option 3 is used. 
5.4 Uncertainty in Prediction of Nonlinear Inelastic Response 
For large earthquakes, it may be impractical and uneconomical to design a building structure 
which will remain essentially elastic. Thus, some nonlinear response behavior is typically considered 
acceptable. However, limits on the nonlinear response behavior are necessary to preserve structural 
integrity, reduce structural damage, and avoid the loss of life. In the subsequent sections, it is assumed 
that the seismic design code specifies both a maximum interstory drift ratio (~ U CODE) and a maximum 
global ductility ratio (~ODE). Also, it is assumed that there is a target probability of exceedance 
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acceleration bf gravity, T* is the period of the equivalent system model, and Cy(Jlt) is the yield force 
coefficient at T=T* obtained from the uniform hazard spectrum curve corresponding to Jlt and Pt. 
5.4.2 Uncertainty in Predicting Maximum Interstory Drift Ratio 
To control the maximum interstory drift ratio, the performance criterion can be stated as follows: 
P(~ @Dy > ~ u CODE) ::; Pt (5.21) 
where ~ is the maximum inters tory drift ratio among all stories in the actual structure and ~ U CODE 
is the target maximum interstory drift ratio defined by the code for severe earthquake conditions. Since 
the known probabilistic information given by the uniform hazard spectra is in terms of the probability 
of exceeding ductility values, the performance criterion defined by Equation (5.21) must eventually 
be expressed in terms of ductility. 
The deterministic design-checking equation corresponding to Equation (5.21) is 
u '~LG N DRIFT ~ CODE;:::!l H Qt nu Dy (5.22) 
where QtN is the design factor accounting for the random nature of NUDRIFT, nuDRIFT is the mean bias 
factor for drift, ~LG is the factor used to convert the global drift ratio to interstory drift ratio in the 
equivalent system methodology, H is the total structure height, and Jl' is a ductility corresponding to 
Dy. For the equivalent system model with a yield displacement Dy,ES=Dy, the probability that the 
maximum ductility of the equivalent system model will exceed Jl' is equal to Pt. 
5.4.3 Results 
Equations (5.20) and (5.22) incorporate three design factors - nt to account for the variability 
in estimating site soil effects, QtN to account for the random nature of NUD1SP, and QtN to account for 
the random nature of NUDRIFT. To calibrate the design factors, the probability distributions of the soil 
factor and the bias factors must be determined. The mathematical details of the calibration process 
are described in Appendix C. The soil factor, F, can be represented as a lognormal random variable 
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Table 5:4 shows the sensitivity of the design factor Ql to the level of uncertainty in the site soil 
factor. Three values of OlogF are considered. Results are presented for two exceedance probabilities 
and a target ductility of 4. As expected, reducing the uncertainty in the site soil factor can result in 
a significant reduction in the value of the· design factor. Reducing OlogF by 50% can reduce the value 
of Ql by as much as 23%. 
To calibrate values of QtN for both NuD1SP and NUDRIFT, information on the probability 
distribution functions for ductility at fixed values of yield displacement are required. (See Appendix 
C.) Due to a lack of adequate information on these distribution functions and time constraints, values 
of QtN were not calculated for various values of Pt at each period as was done for Qt. However, some 
very approximate calculations were performed to get an idea of the magnitude of QtN for each of the 
two bias factors. The calculated values of QtN for both bias factors and both formulations were within 
the range 1.0 to 1.7, and most of the calculated values were between 1.1 and 1.4. The values of QtN 
would be expected to be smaller than the values of Ql since the values of the coefficient of variation 
for the bias factors are on the order of 20% and the coefficient of variation in the site soil factor is 
40-50%. For each bias factor, the choice of the equivalent system formulation did not make a 
significant difference in the value of QtN. This is an expected result based on the bias statistics 
presented in Chapter 4; for each of the bias factors, the values of the coefficient of variation for both 
formulations are comparable. 
5.5 Summary 
In this chapter, deterministic design-checking equations were presented for use in a 
reliability-based seismic design procedure. These equations were derived using displacement-based 
perfonnance criteria stated in probabilistic terms. Chapter 6 presents an outline of the proposed 
dual-level seismic design procedure in which these design-checking equations are used. 
r-- r---
Table 5.2. Values of the design factor Qt for predicting linear elastic response at two target probabilities of exceedance. The 
dependence of the soil factor on level of input motion is .tl.QI considered. The bias statistics for the equivalent system formulation 
using {'P2 }={ I} are used, and the design value of the bias factor is assumed to be 1. The design value of Ce is the value which has 
a probability of exceedance equal to Pt. The design value of F is the value calculated using Borcherdt's formula assumin~ Aa=O.l. 
Design Factor Considering F=F(v) for Various Values of Site 
Period Design Shear Wave Velocity, v (1,2) 
(sec) OlogF Value of v=vrep540 Ce v=1620 v=1050 v=450 v=290 v=150 (1.0)OlogF (O.5)OlogF (0.01 )OlogF 
Target Exceedance Probability (Pt) = 50% in 50 years 
0.1 0.21 0.24 1.25 1.25 1.25 1.02 0.95 1.25 1.25 1.25 
0.3 0.21 0.49 1.28 1.28 1.28 1.02 0.95 1.28 1.28 1.28 
0.5 0.18 0.42 1.24 1.24 1.24 1.02 0.96 1.24 1.24 1.24 
0.7 0.18 0.33 1.19 1.19 1.19 1.01 0.96 1.19 1.19 1.19 
1.0 0.18 0.26 1.14 1.14 1.14 0.98 0.93 1.14 1.14 1.14 
2.0 0.18 0.13 1.15 1.15 1.15 1.00 0.95 1.15 1.15 1.15 . 
3.0 0.18 0.091 1.13 1.13 1.13 0.99 0.94 1.13 1.13 1.13 
Target Exceedance Probability (Pt) = 10% in 50 years 
0.1 0.21 0.46 1.29 1.29 1.29 1.02 0.95 1.29 1.29 1.29 
0.3 0.21 0.91 1.31 1.31 1.31 1.03 0.95 1.31 1.31 1.31 
0.5 0.18 0.71 1.26 1.26 1.26 1.03 0.96 1.26 1.26 1.26 
0.7 0.18 0.62 1.21 1.21 1.21 1.01 0.96 1.21 1.21 1.21 
1.0 0.18 0.49 1.19 1.19 1.19 1.01 0.95 1.19 1.19 1.19 
2.0 0.18 0.27 1.15 1.15 1.15 0.99 0.94 1.15 1.15 1.15 
3.0 0.18 0.19 1.15 1.15 1.15 0.99 0.94 1.15 1.15 1.15 
NOTES: (1) The value of the soil factor F is calculated for a constant value of Aa. 
(2) Shear wave velocity values are given in units of meters per second (m/s). 
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Table 5.3 (continued). 
Target Ductility = 2 Target Ductility = 3 Target Ductility = 4 Target Ductility = 6 
Period Value of Value of Value of Value of I 
(sec) OlogF Cy(Jl=2) Qt Cy(Jl=3) Qt Cy(Jl=4) Qt Cy(Jl=6) Qt 
from UHS from URS from URS from URS 
Target Exceedance Probability (Pt) = 10 % / 250 years 
0.1 0.21 0.53 1.43 0.47 1.43 0.45 1.42 0.39 1.43 
0.3 0.21 0.68 1.46 . 0.53 1.42 0.44 1.40 0.34 1.40 
0.5 0.18 0.54 1.32 0.42 1.28 0.34 1.27 0.25 1.27 
0.7 0.18 0.46 1.29 0.33 1.30 0.27 1.27 0.20 1.27 
1.0 0.18 0.37 1.27 0.29 1.24 0.22 1.25 0.13 1.30 
2.0 0.18 0.20 1.30 0.13 1.27 0.10 1.28 0.070 1.31 
..... 
3.0 0.18 0.14 1.25 0.10 1.24 0.083 1.21 0.047 1.27 o ..... 
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Figure 5.1. Bias factors for drift (NsDRIFT) for linear elastic response plotted on Type II 
probability paper. The Type II empirical model used to represent the distribution of the bias factor. 
is also shown in each plot. (a) Bias statistics based on base shear formulation of equivalent system 
model. (b) Bias statistics based on virtual work formulation of equivalent system model. 
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CHAPTER 6 
RELIABILITY-BASED DUAL-LEVEL DESIGN / ANALYSIS PROCEDURE 
6.1 Overview 
This chapter presents a reliability-based dual-level seismic design procedure for standard 
building structures. This procedure has been developed for steel building structures, but it should be 
applica ble (with appropriate modifications) to other types of building structures as well. The first level 
(stage) of design is associated with a serviceability limit state. The design and analysis procedures in 
this first stage attempt to ensure elastic (or nearly elastic) response of a structure during small to 
moderate earthquakes. The second stage of design is associated with an ultimate limit state. The 
second stage focuses on controlling the nonlinear inelastic behavior which is expected to occur during 
extreme (relatively rare) earthquake events. The procedure incorporates deterministic 
design-checking equations to evaluate the performance of a structure. The performance criteria are 
expressed in terms of the probability of exceeding displacement-based limit state criteria. 
6.2 Performance Criteria 
To formulate a reliability-based procedure, it is necessary to define the measures of structural 
perfonnance (i.e., structural response quantities) to be considered, specify threshold values of the 
response quantities for each level of the design process, and define performance criteria in probabilistic 
terms. These decisions must be made by the code-writing organizations based on available technical 
data, engineering experience and judgement, and "societal expectations regarding acceptable risk" 
[Osteraas and Krawinkler, 1990]. 
Most seismic design codes use inters tory drift (or inters tory drift ratio) as one measure of 
structural performance. The proposed procedure described herein also uses inters tory drift ratio. 
(Inters tory drift ratio is defined as the relative lateral displacement between two adjacent floors divided 
by the story height.) The threshold values of inters tory drift ratio will vary depending on the level of 
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a balance between the level of structural safety and cost [Wen, 1993J. The design guidelines used by 
the US Department of Energy [USDOE, 1994J specify both the earthquake hazard levels and the target 
structural ·performance criteria to be considered in the design of various types of buildings. The 
performance criteria are expressed in terms of the annual probability of exceeding some measure of 
damage, and the probability values range from 10-3 to 10-5. The Applied Technology Council [1994J 
has suggested that appropriate target reliability levels for a dual-level design procedure might be 50% 
in 50 years for serviceability-related performance goals and 900/0 in 250 years for collapse prevention. 
These reliability levels correspond to annual exceedance probabilities of 1.38x10-2 and 4.21xl0-4, 
respectively. The selection of target reliability levels is dependent on the target threshold values of 
the response quantities used to measure structural performance; this further complicates the 
formulation of performance criteria. 
In the dual-level design and analysis procedure outlined in subsequent sections, the pertinent 
performance criteria for each level are stated in general probabilistic terms. It is assumed that the 
difficult decisions regarding the selection of target reliabilities and threshold values of response 
quantities have been made by the code committees. 
6.3 Outline of Proposed Design and Analysis Procedure 
The proposed procedure uses uniform hazard spectra and the equivalent system methodology to 
predict the dynamic response quantities of interest. The methodology proposed by Borcherdt 
[1994a,bJ is used to account for site soil effects, and design factors are used to account for the 
uncertainty in seismic hazard, the uncertainty in predicting site soil effects, and the approximate nature 
of the equivalent system methodology. The proposed procedure incorporates some of the ideas for 
displacement-based seismic design suggested by Bertero and Bertero [1992J and Qi and Moehle 
[1991]. The basic steps in each stage of the dual-level procedure are summarized in the subsections 
below. 
I 
.. ~. 
109 
(6.3a,b) 
(6.3c,d) 
lfthe base shear fonnulation of the equivalent system model is used, then {'P2}={ I}. If the virtual 
work fonnulation is used, then {'P2}={'Pl}. 
6. Determine the maximum permissible fundamental period, T* max, based on the code-specified 
drift limit, ~sCODE, as follows. Use the uniform hazard spectrum curve for spectral displacement 
(for a target exceedance probability Pt) to find the spectral displacement, Sd, which satisfies the 
following relationship: 
(6.4) 
where f is the site soil factor, n is the value of the bias factor used for design purposes, and Qt is 
the design factor corresponding to Pt. Since f and Qt depend on period, Equation (6.4) must be 
solved by trial and error. Since the spectral displacement generally increases with period, the above 
condition imposes an upper limit on the period T* of the equivalent system model and hence 
imposes an upper limit on the structure's fundamental period. 
7. Determine the normalized lateral force distribution, {f}, to be used in design. If {f} is a function. 
of the structure's period (e.g., the UBC force distribution), then T*=T* max can be used for the first 
iteration. Alternatively, period estimates from empirical formulas in the code can be used. 
8. Determine a preliminary value of global stiffness, K, using 
(6.5) 
9. Determine a preliminary value of the design base shear using 
(6.6) 
10. Distribute the base shear over the height of the structure in accordance with the code-specified 
force distribution, {f}. [Recall that {f} is normalized such that the corresponding base shear is 
f 
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6.3.2 Design and Analysis Procedure for the Ultimate Limit State 
For the ultimate limit state, the structural design which satisfies the serviceability criterion is 
checked to ensure that the structure has adequate strength and stiffness to limit the nonlinear inelastic 
behavior which is expected to occur during a large earthquake. Given threshold values of interstory 
drift ratio (Ll U CODE) and global ductility (~ODE) for the ultimate limit state and a target exceedance 
probability (Pt), the performance criteria for drift and ductility are as follows: 
P(fl > !-Leo DE) ~ Pt (6.9a) 
P(Ll > Ll U eODE) ~ Pt (6.9b) . 
In Equations (6.9a,b), fl is the actual global ductility for the structure and Ll is the actual maximum 
inters tory drift ratio among all stories. For convenience and simplicity, the value of Pt is assumed to 
be the same in both equations. The steps for this level of design are outlined below. 
1. Develop a structural model which can be used in a nonlinear inelastic static push-oyer analysis. 
The model should use best-estimate values of material yield strengths instead of nominal values. 
2. Perform an incremental nonlinear push-over analysis of the structure using the prescribed lateral 
force distribution {f} scaled incrementally by a factor V. Since this is a nonlinear analysis, all 
gravity loads that would be considered in the code-specified load combinations should be applied 
to the structure before applying the lateral loads. Generate a plot of the scale factor, V, versus the 
top (roof) displacement of the structure, D. Continue to increase the loading until the top story 
displacement is well beyond LltargetH where H is the total height of the structure and Lltarget is a 
code-prescribed global drift ratio. The appropriate value of Lltarget may be dependent on the type 
of structural framing system, and it must be large enough so that the structure indeed yields and 
the slope of the V -D diagram begins to deviate from the initial slope. Record the lateral deflection 
profIle, {Ustatic}, of the structure when D=Dtarget=~targetH. N onnalize {Ustatic} by dividing each 
element by (Ustatic)roof. The resulting normalized lateral deflection profile is {W 1 } . 
3. Approximate the multi-linear V-D diagram generated in Step 2 by a bilinear V-D curve. The 
initial slope of the bilinear curve should be equal to the initial slope of the actual curve. The second 
slope and the global yield point (Dy) can be estimated by equating the areas under the diagrams 
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10. DetenniIie the values of QtN and nuDRIFT corresponding to the bias factor NUDRlFT. 
11. If 
u '~LG N DRIFT ~ CODE >!l H Qt nu Dy (6.13) 
then the structure satisfies the performance criterion for inters tory drift ratio. If Equation (6.13) 
is not satisfied, then the structure must be stiffened (and possibly strengthened). 
6.4 Design Example: 2-Story Moment Resisting Steel Frame 
To demonstrate the use of the proposed design and analysis procedure, two examples related to 
the design of a 2-story moment resisting steel frame are presented. The calculations for both examples 
are summarized in Appendix D. These two examples clearly demonstrate the importance of 
considering strength and stiffness simultaneously when designing structures to satisfy 
displacement-based performance criteria. 
In the first example, the 2-story moment frame considered in Chapter 4 is evaluated using the 
proposed procedure. This frame was designed using the 1991 Uniform Building Code. The purpose 
of the example is to determine the values of ~ S CODE and ~ U CODE required for the design to satisfy 
the performance criteria for drift if the target exceedance probability, Ph is equal to 50% in 50 years 
for the serviceability limit state and 10% in 250 years for the ultimate limit state. As shown in 
Appendix D, this design will satisfy the drift performance criteria if the value of ~sCODE is greater 
than 0.0060 (0.60/0) and ~UCODE is greater than 0.025 (2.5%). Both values are within the ranges of 
drift ratios used in various seismic codes around the world (see Section 6.2). 
In the second example, hypothetical performance criteria are defmed, and a modified 2-story 
moment frame design is evaluated. Pertinent information on the modified design is shown in Figure 
6.1. The hypothetical performance criteria are as follows: 
• Serviceability Limit State: Pt = 500/0 in 50 years 
~SCODE = 0.5% 
• Ultimate Limit State: Pt = 10% in 250 years 
~UCODE = 1.5% 
!.!cODE = 4 
, 
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uncertainty in the methods used to estimate the effects of site soils. Such uncertainties and 
approximations must be accounted for in a rational manner to achieve a reliable structural design. 
i 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
7.1 Summary and Conclusions 
A reliability-based dual-level seisI?ic design procedure is proposed which attempts to address 
some of the shortcomings of current seismic design procedures. The procedure has been developed 
for steel building structures, but it should be applicable (with appropriate modifications) to other types 
of building structures as well. The procedure requires the designer to consider two levels of earthquake 
ground motion shaking. An equivalent system methodology and unifonn hazard spectra are used to 
evaluate the performance of building structures. Performance is quantified in tenns of the probability 
of exceeding displacement-based limit state criteria. A recently proposed methodology for estimating 
the effects of site soil conditions on free-field ground motion is incorporated into the procedure. The 
parameters needed in the equivalent system methodology are determined using information obtained 
from linear and nonlinear static push-over analyses of the structure. Deterministic design-checking 
equations are developed based on the performance criteria. These equations incorporate design factors 
which account for the uncertainty in the seismic hazard at the site, the uncertainty in predicting site 
soil effects, and the approximate nature of the equivalent system methodology. 
Details of the various components of the proposed procedure are provided in Chapters 2 through 
5, and an outline of the procedure is provided in Chapter 6. The significant conclusions of the study 
are summarized below: 
• Uniform hazard spectra provide a convenient means of incorporating probabilistic 
information into the design process. Uniform hazard spectra resemble response spectra in 
many ways, but are different in that each ordinate of a particular uniform hazard spectrum 
curve has the same probability of exceedance associated with it. These spectra can be 
presented in several different ways for design applications. 
• The methodology proposed by Borcherdt [1994a,b] for classifying site soil conditions and 
determining design values of site soil factors (coefficients) is more versatile and more 
i 
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design procedure. Performance criteria for interstory drift are explicitly stated in 
probabilistic terms for both "moderate" and "severe" levels of earthquake ground motion. 
Furthermore, the concept of global ductility is defined and used as a measure of structural 
performance for large earthquakes. The global ductility is used instead of a force reduction 
factor to determine the strength of the structure required to limit the amount of inelastic 
deformation when the structure is subjected to severe earthquake ground motions. 
• The proposed procedure forces the designer to explicitly consider the consequences (both 
good and bad) of structural overstrength resulting from material yield strengths which are 
higher than nominal design values. In the nonlinear push-over analyses, best--estimate 
values of material yield strengths are used instead of nominal design values. This can be 
particularly valuable in designing connections to be stronger than the elements they 
connect. As noted by AISI/EQE [1991] in the context of steel building structures, "No 
advantage can be derived from the strength and ductility of a steel member if its 
connections fail prematurely." 
In summary, the goal of the proposed procedure is to enable designers to achieve code-specified 
target performance objectives for moderate and severe levels of earthquake ground motion. Although 
the procedure is somewhat more complicated to use than current procedures, it should enable designers 
to better appreciate the consequences of various design assumptions and to identify critical regions of 
the structure requiring careful detailing and design. 
7.2 Suggestions for Future Research 
The results of this study provide a basic framework for a reliability-based dual-level seismic 
design procedure for standard building structures. However, there are many unresolved issues which 
need to be addressed before this procedure is implemented in future seismic design codes. Some of 
these issues are described below. 
• Structural Modelling: In the opinion of one engineer, "a huge gap has developed between 
what we can calculate and record and what we observe" [Seismatters, 1995]. Additional 
research is needed to develop simple, yet realistic, methods of modelling the nonlinear 
behavior of structures. The degree of analytical sophistication should be consistent with 
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• Nonstructural Components: For low amplitude ground motions, nonstructural 
components can contribute to the stiffness and strength of a structure and the effective 
. -
damping behavior of the system. For large amplitude motions, nonstructural components 
contribute to the effective damping of the system [Merovich, 1992]. Many practicing 
engineers and researchers have emphasized the need to consider the effects (good and bad) 
of nonstructural components on structural response behavior (e.g., Freeman, 1978; Foutch 
et aI., 1990; PEP, 1993; Roeder et al., 1987; Foutch et aI., 1992; Meyer, 1974]. Research 
is needed to understand how to account for these effects when analyzing and designing 
structures. 
• Structural Damping Values: "So little is known about damping of structures during large 
vibrations that the various models designed to describe it are derived primarily for 
mathematical convenience" [Meyer, 1974]. Additional research is needed to better 
understand the damping phenomenon and develop rational bases for the values of damping 
used in design applications. 
• Additional Verification of Equivalent System Methodology: The accuracy of the 
equivalent system methodology must be verified for building systems other than those 
considered in this study. Studies are needed to better quantify the statistics of the bias 
factors and to investigate the sensitivity of the design factor values to the bias factor 
statistics. 
• Calibration of Design Factors for Other Sites: The design factors presented in this study 
were derived based on the seismic hazard at one particular site. The design factors for other 
sites in the United States need to be detennined to investigate the sensitivity of the design 
factor values to the seismic hazard at a she. 
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M = M· mm 
1 ~k 
- -In[I - -u ] Bk uk 1 (A.4) 
[Note: The magnitude M, as generated here, is treated as a "generic" magnitude for use in 
all subsequent equations.] 
• The focal depth, H (km), is determined assuming a triangular probability density function 
with a lower bound of 5 krn, an upper bound of 20 km, and a mode of 12.5 km. This choice 
of distribution is based on a review of the recorded focal depths of earthquakes which have 
occurred within the region bounded by longitudes and latitudes which are ± 2° from the 
L.A. site. (Data on focal depths was obtained from Seekins et al. [1992].) The upper and 
lower bounds are somewhat arbitrary, but appear to be compatible with the focal depths 
of past California earthquakes as recorded in the report by Naeim and Anderson [1993]. 
With this choice of probability density function, the value of H corresponding to a 
uniformly distributed number U2 can be found by using the following cumulative 
distribution functions: 
If u2:S; 0.5; u2 - FH(h) = 2~5 [h2 - 10h + 25] (A.5.a) 
If u2 > 0.5; u2 = FH(h) = --L[ - h2 + 40h _ 575] 225 2 (A.5.b) 
The same cumulative distribution function for focal depth is assumed to be applicable to 
all 29 zones. 
• The epicentral distance, Re, is determined based on a discretized grid of the entire region 
around the site. The discretized source zone boundaries are determined using 10 km by 
10 krn grid squares. These dimensions are comparable to those mentioned by the USGS 
in its report on the computer program SEISRISK III [Bender and Perkins, 1987]. The 10 
krn by 10 km gridded areas are allocated to the 29 seismic zones as shown in Figure A.I. 
Assume a particular zone k has a total of gk gridded areas. Assign consecutive integer 
values, i, (i= 1 ,2, .. ,gk) to the 10 km by 10 Ian gridded areas in zone k. (This is done for each 
of the 29 zones.) To determine a specific value of Re, each of the 10 km by 10 km squares 
is assumed to be subdivided into 4 equal squares (5 km by 5 km). The four smaller squares 
are assigned numbers 1 through 4. The epicentral distance is measured from the site to the 
center of the appropriate 5 km by 5 Ian square. The selection of the appropriate square 
consists of a two-step process. First, for a given zone k, a particular 10 km by 10 km area 
is selected by generating a random integer between 1 and gk inclusive. The random integer 
is generated using [Press et al., 1992] 
random integer = 1 + integer[gku3] (A.6.a) 
Then, one of the four smaller 5 km by 5 km subareas is chosen by generating a random 
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of the record is assumed to be stationary and is generated using a prescribed power spectral density 
function. Then, this frequency-modulated process is multiplied by an amplitude modulation 
function to simulate the build-up and decay of earthquake motions. Thus, the ground acceleration 
as a function of time, aCt), is modelled as 
aCt) - I(t)A(t) (A.9) 
where I(t) is the amplitude modulation function and A(t) is the underlying frequency-modulated 
random process. 
For each record to be generated, the following information is needed: 
• Strong motion duration, tD. 
• Power spectral density function for the stationary portion of the underlying process. 
• Total duration of the record, tp. 
• Parameters for the amplitude modulation function, I(t). 
The assumptions and procedures used to determine these parameters are described in the sections 
below. 
6. The strong motion duration is determined using the equation [Eliopoulos and Wen, 1991] 
log 10 tD = - 0.14 + O.2M + O.002Re + CD (A.IO) 
in which tD is the strong motion duration, M is magnitude, Re is epicentral distance (lem), and eD 
is the error term generated in Step 3. This equation was derived using a data set of 25 recorded 
accelerograms recorded at "stiff soil" sites. The definition of strong motion duration used in 
deriving the above equation is the definition suggested by Trifunac and Brady [1975]. 
7. The single-sided power spectral density function, WAA(f) , is chosen for each earthquake as 
follows. First, a median amplitude of the Fourier spectrum, FS(T), is determined using the 
empirical scaling relation proposed by Trifunac [1989, 1993]: 
(A.II) 
where FS(T) (inches/second) is the value of the Fourier amplitude spectrum of acceleration at 
period T. The other terms in the above expression are defmed as follows: 
ATT(~,M,T) Frequency-dependent attenuation function. (For details, see Trifunac 
[1989, 1993] and Trifunac and Lee [1985].) 
~ "Representative" source to station distance. 
M Magnitude. 
I 
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(A.I3) 
Essentially, Trifunac's relation for the Fourier amplitude spectrum is used to describe the general 
shape of the power spectral density function. The actual amplitude of the spectrum is not 
significant at this point because the accelerogram generated using the above power spectral density 
function is scaled to achieve a target peak ground acceleration (to be discussed later). 
8. The total duration, tp, is assumed to be a function of the strong motion duration as follows: 
(A.14) 
where Cl and C2 are the simulated parameters (see Step 3) for modelling the build-up and decay 
of the motion. The maximum value of tF is arbitrarily set at 60 seconds. If tD is less than 60 seconds 
but the combination of values of c bC2, and tD for a particular record results in a value of tF greater 
than 60 seconds, then Cl tD is defined as 1/3( 60-tD) and C2tD is defined as 2/3 ( 60-tD). If tD is greater 
than or equal to 60 seconds, then tD is set equal to 54 seconds, c 1 tD is chosen to be 2 seconds, and 
C2tD is chosen to be 4 seconds. 
9. The underlying random process is simulated using a modified version of the formula suggested 
by Shinozuka and Jan [1974]. The modification involves the use of ramping functions to 
emphasize high frequency content in the initial portion of the simulated record and low frequency 
content in the latter portion of the record. This type of nonstationarity in frequency is commonly 
observed in ground motion records [Bolt, 1994; Der Kiureghian and Crempien, 1989]. The 
ramping functions are defined as follows. First, a "central" (root-mean-square) frequency is 
defined as 
f nns = (A.lS) 
where N is the number of frequencies at which values of the Fourier amplitude spectrum are 
determined. This central frequency is then used to divide the power spectral density function into 
low frequency and high frequency regions. Second, ramping functions al (t) and a2(t) are defined 
as follows: 
L_ 
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The frequency interval, ~f, to be considered is set at 0.015 Hz. This choice results in a 
simulated record which repeats itself after about 66 seconds. This "period" of the record 
is larger than the limit of 60 seconds imposed on tp above. With this choice of ~f and the 
. upper bound frequency of 25 Hz, the value of N used in the summation is 1666. 
• With the above defmitions of tp and I(t), the strong motion duration, tD, may no longer be 
consistent with the defmition proposed by Trifunac and Brady [1975]. In the present 
context, strong motion duration is more accurately defined as the period of time over which 
the record is nearly stationary. This definition is the same as that used by the US Nuclear 
Regulatory Commission [1989]. 
• The distance r in the PGA attenuation equation is defined as 
(A.20) 
where h is "a fictitious depth that is determined by the regression" and d is "the closest 
horizontal distance from the station to the point on the earth's surface that lies directly 
above the rupture" [Boore, Joyner, and Fumal, 1993]. Since orientation of faults is not 
considered in this simulation, epicentral distance is used in place of d. The value of h is 
5.48 km [Boore, Joyner, and Fumal, 1993]. 
• Simulated records are not integrated to verify that the ground velocity returns to zero at the 
end of the record. (Strictly speaking, this should always be done.) 
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Figure A.I. Discretization of source zones using 10 km by 10 km grid. (Numbers on axes are 
distances from the site measured in kilometers.) 
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APPENDIXB 
INFORMATION ON BUll..DING FRAME MODELS 
B.l General Information 
This appendix provides information on the building frame models used in the analyses described 
in Chapter 4. This information supplements the information given in Chapter 4. The program 
DRAIN-2DX [Prakash et al., 1993] was used to perform static and dynamic analyses of the frame 
models. The input files used to specify building geometry and excerpts from the input files for gravity 
load analyses are provided in Sections B.2 through B.7. Table B.1 provides the damping parameters 
used in the dynamic time history analyses to achieve 5% damping in the first two modes. Figures B.1 
through B.6 show the member sizes for the various elements of the building frames. 
Some general comments about the modelling assumptions are outlined below. 
• The value of yield stress is assumed to be 40.9 ksi. This value is based on tests 
of material taken from A36 steel members [Foutch et al., 1987]. 
• The value of yield load in tension for column members is equal to the area of 
the member times the assumed value for yield stress (40.9 ksi). 
• The value of yield load in compression for column members is assumed to be 
equal to the stress obtained from AISC Formulas (1.5-1) or (1.5-2) [AISC, 
1980] (excluding the factor of safety and assuming the yield stress is 40.9 ksi) 
times the area of the member. 
• The yield moment is assumed to be equal to the plastic moment for the section 
computed using a yield stress of 40.9 ksi. 
• The ordinates for the axial force-moment interaction diagram are the values 
used by Eliopoulos and Wen [1991]. 
B.2 8-Story Irregular MRF: Input Files Used in DRAIN-2DX Analyses 
B.2.1 DRAIN-2DX Geometry File 
8-story building with vertical irregularity in mass and stiffness 
(adapted from 9-story smrsf model; this model is NOT intended to 
represent a realistic design) 
UNITS ARE IN KIPS, INCHES, AND SECONDS 
THIS FILE ONLY OUTLINES THE GEOMETRY OF THE STRUCTURE. 
OTHER INPUT FILES ARE USED LATER TO DETERMINE DAMPING, MODE 
SHAPES, NATURAL FREQ, AND TO PERFORM STATIC AND DYNAMIC ANALYSIS. 
L~ 
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1. __ 
5 2900C}' 0.02 16.2 1350. 4.0 4.0 2.0 l __ 6 29000. 0.02 16.7 1170. 4.0 4.0 2.0 YIELD SURFACE TYPES 
YIELD STRESS TAKEN AS 40.9 KSI 
1 2·- 21023.0 21023.0 136B.00 1701.00 1.0 0.125 1.0 0.125 
2 2 21023.0 21023.0 1451. 00 1701. 00 1.0 0.125 1.0 0.125 
3 2 15460.0 15460.0 4B2.00 1399.00 1.0 0.125 1.0 0.125 
t 4 2 11575.0 11575.0 B67.00 10BO.00 1.0 0.125 1.0 0.125 L_. __ 
5 2 9980.0 9980.0 809.00 1014.00 1.0 0.125 1.0 0.125 
6 2 5481.0 5481.0 342.00 663.00 1.0 0.125 1.0 0.125 
7 2 5276_0 5276.0 357.00 683.00 1.0 0.125 1.0 0.125 
ELEMENT GENERATION COMMANDS 
FIRST STORY COLUMNS 
1 0101 0201 1 1 1 1 
2 0102 0202 1 1 1 1 
3 0103 0203 1 1 1 1 
4 0104 0204 1 1 1 1 
SECOND STORY COLUMNS 
NOTE: EVEN THOUGH COLUMN SIZE IS THE SAME AS USED ON FIRST STORY, 
THE YIL'.:-: SURFACE DEFINITION CHANGES BECAUSE OF THE CHANGE IN 
LENGTH THE COLUMN (LENGTH AFFECTS BUCKLING LOAD WHICH AFFECTS 
'--. 
Py) 
5 0201 0301 1 1 2 2 
6 0202 0302 1 1 2 2 
7 0203 0303 1 1 2 2 
8 0204 0304 1 1 2 2 
! THIRD STORY COLUMNS (WEAK STORY) 
9 0301 0501 1 2 3 3 
10 0302 0502 1 2 3 3 
11 0303 0503 1 2 3 3 
12 0304 0504 1 2 J 3 
! FOURTH STORY COLUMNS 
13 0501 0601 1 3 4 4 
t 14 0502 0602 1 3 4 4 
15 0503 0603. 1 3 4 4 
16 0504 0604 1 3 4 4 
! FIFTH STORY COLUMNS 
17 0601 0701 1 3 4 4 
1B 0602 0702 1 3 4 4 
19 0603 0703 1 3 4 4 
20 0604 0704 1 3 4 4 
! SIXTH STORY COLUMNS 
21 0701 0801 1 4 5 5 
22 0702 OB02 1 4 5 5 
23 0703 0803 1 4 5 5 
24 0704 0804 1 4 5 5 
! SEVENTH STORY COLUMNS 
25 0801 0901 1 4 5 5 
26 OB02 0902 1 4 5 5 
27 OB03 0903 1 4 5 5 
2B OB04 0904 1 4 5 5 
".-
! EIGHTH STORY COLUMNS 
29 0901 1001 1 5 6 6 
30 0902 1002 1 6 7 7 
31 0903 1003 1 6 7 7 
32 0904 1004 1 5 6 6 
*ELEMENTGROUP 
NEGLECT P-DELTA IN GIRDERS 
2 1 0 1.0 BEAMS/GIRDERS 
3 0 3 
STIFFNESS TYPES 
1 29000.0 0.02 29.1 3990. 4.0 4.0 2.0 
2 29000.0 0.02 24.7 2370. 4.0 4.0 2.0 
3 29000.0 0.02 25.3 1530. 4.0 4.0 2.0 
YIELD SURFACE TYPES 
YIELD STRESS TAKEN AS 40.9 KSI 
1 1 12761.0 12761. 0 
2 1 9162.0 9162.0 
3 1 7607.0 7607.0 
ELEMENT GENERATION COMMANDS 
I~ 
, 
t._ ... __ 
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0901 - 1 0_006410 SEVENTH STORY DRIFT 
0801 1 -0.006410 
*GENDISP 
1001 1 0.006410 EIGHTH STORY DRIFT 
0901 - 1 -0.006410 
*STOP 
B.2.2 DRAIN-2DX Gravity Load File 
*ELEMLOAD 
G 
DEFINE FIXED END FORCE PATTERNS TO BE USED. PATTERNS ARE DEFINED 
FOR UNIT LOAD VALUES. PATTERNS ARE SCALED LATER TO REFLECT ACTUAL 
LOADING. 
FIXED END FORCES DEFINED BELOW BASED ON I,J FROM LEFT TO RIGHT AND 
LOADS ACTING DOWN. 
GREL GRAVITY LOAD PATTERNS 
2 1 
DEFINE FIXED END FORCES (L = CONSTANT = 25 FT = 300 IN) 
1 0 1.0 0.0 150.0 7500.0 0.0 150.0 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
1 3 1 0.142 
4 21 1 0.139 
22 24 1 0.106 
-7500.0 
B.3 5-Story Dual System: Input Files Used in DRAIN-2DX Analyses 
B.3.1 DRAIN-2DX Geometry File 
5 STORY DUAL SYSTEM - MRF WITH CBF 
ORIGINAL DESIGN BY MR. YU; INPUT FILE CHANGED BY KRC ON 10/25/94 & 12/6194 
UNITS ARE KIPS, INCHES, SECONDS 
THIS FILE ONLY CONTAINS STRUCTURE GEOMETRY. OTHER INPUT FILES ARE USED 
TO DETERMINE DAMPING, MODE SHAPES, ETC ... 
NOTE: THE DAMPING PARAMETERS, ALPHA AND BETA, ARE SET TO 1 IN THIS FILE. 
THEY MUST BE SCALED TO THEIR PROPER VALUES IN LATER INPUT FILES 
USING THE PARAMETER COMMAND. 
*STARTXX 
DUALCBF o 2 1 1 DUAL SYSTEM - MRF WITH CBF 
! ------------------------------------------------------------------------
*NODECOORDS 
NOTE: THE FOLLOWING NODES ARE DEFINED BUT ARE NOT USED: 
13, 15, 17, 19, 21, 27, 29, 31, 33, 35, 41, 43, 45, 47, 49 
55, 57, 59, 61, 63, 69, 71, 73, 75, 77 
GENERATE CONTROL NODES 
C 1 0.0 0.0 
C 2 180.0 0.0 
C 3 360.0 0.0 
C 4 720.0 0.0 
C 5 1080.0 0.0 
C 6 1440.0 0.0 
139 
S 100 132.857 68 76 2 
! ------------------------------------------------------------------------
"ELEMENTGROUP 
DEFINE COLUMNS 
2 i-- I 1.0 Column:Beam-Colurnn Element 
12 4 13 
STIFFNESS TYPES 
1 29000.0 0.05 38.3 218. 4.0 4.0 2.0 
2 29000.0 0.05 27.7 124. 4.0 4.0 2.0 
3 29000.0 0.05 20.1 70.4 4.0 4.0 2.0 
4 29000.0 0.05 75.6 3400. 4.0 4.0 2.0 
5 29000.0 0.05 51.8 2140. 4.0 4.0 2.0 
6 29000.0 0.05 20.0 723. 4.0 4.0 2.0 
7 29000.0 0.05 56.8 2400. 4.0 4.0 2.0 
8 29000.0 0.05 35.3 1380. 4.0 4.0 2.0 
9 29000.0 0.05 17.9 640. 4.0 4.0 2.0 
10 29000.0 0.05 41.6 7450. 4.0 4.0 2.0 
11 29000.0 0.05 27.7 3270. 4.0 4.0 2.0 
12 29000.0 0.05 18.3 1330. 4.0 4.0 2.0 
RIGID END ZONES 
1 0.0 0.0 0.000 -10.415 
2 0.0 0.0 10.415 -10.415 
3 0.0 0.0 10.415 -10.330 
4 0.0 0.0 10.330 -8.850 
YIELD SURFACES 
1 2 2433.55 2433.55 1249.05 1566.47 1.0 .125 1.0 .125 
2 2 2433.55 2433.55 1328.05 1566.47 1.0 .125 1.0 .125 
3 2 1586.92 1586.92 913 .78 1132.93 1.0 .125 1.0 .125 
4 2 1002.05 1002.05 617.70 822.09 1.0 .125 1.0 .125 
5 2 19918.30 19918.30 2882.22 3092.04 1.0 .125 1.0 .125 
6 2 13088.00 13088.00 2004.64 2118.62 1.0 .125 1.0 .125 
7 2 4703.50 4703.50 700.48 818.00 1.0 .125 1.0 .125 
8 2 14519.50 14519.50 2159.18 2323.12 1.0 .125 1.0 .125 
9 2 8670.80 8670.80 1354.03 1443.77 1.0 .125 1.0 .125 
10 2 4171.80 4171.80 626.07 732.11 1.0 .125 1.0 .125 
11 2 21022.60 21022.60 1367.93 1701.44 1.0 .125 1.0 .125 
12 2 11370.20 11370.20 913.78 1132.93 1.0 .125 1.0 .125 
13 2 5889.60 5889.60 540.77 748.47 1.0 .125 1.0 .125 
ELEMENT GENERATION 
1 1 10 1 1 1 
2 2 11 4 5 5 
3 3 12 7 1 8 8 
4 4 14 10 1 11 11 
5 5 16 10 1 11 11 
6 6 18 10 1 11 11 
7 7 20 7 1 8 8 
8 8 22 4 5 5 
9 9 23 1 1 1 
10 10 24 1 2 2 
11 11 25 5 6 6 
12 12 26 8 2 9 9 
13 14 28 2 11 2 12 12 
16 20 34 8 2 9 9 
17 22 36 5 6 6 
18 23 37 1 2 2 
19 24 38 2 3 3 
20 25 39 5 6 6 
21 26 40 8 2 9 9 
22 28 42 2 11 2 12 12 
25 34 48 8 2 9 9 
26 36 50 5 6 6 
27 37 51 2 3 3 
28 38 52 2 3 3 
29 39 53 6 7 7 
30 40 54 9 3 10 10 
31 42 56 2 12 3 13 13 
34 48 62 9 3 10 10 
35 50 64 6 7 7 
36 51 65 2 3 3 
37 52 66 3 4 4 
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15 - 62 64 5 
16 64 65 1 
17 66 67 2 
18 67 68 6 
19 . - 76 78 6 
20 78 79 2 
*ELEMENTGROUP 
GENERATE BRACING ELEMENTS (CONVERT FROM ELEMENT 08 TO ELEMENT 01) 
1 1 1 1.0 KRC MOD: CONVERT E08 TO E01 
5 
1 29000.0 0.05 19.1 40.9 33.2 1 
2 29000.0 0.05 17.0 40.9 31.4 1 
3 29000.0 0.05 14.4 40.9 31.6 1 
4 29000.0 0.05 14. 40.9 27.9 1 
5 29000.0 0.05 9 . .:. 40.9 27.2 1 
ELEMENT GENERATION 
1 3 11 1 
2 7 22 1 
3 12 25 2 
4 20 36 2 
5 26 39 3 
6 34 50 3 
7 40 53 4 
8 48 64 4 
9 54 67 5 
10 62 78 5 
*SECTION 
DEFINE A STRUCTURAL SECTION TO MONITOR BASE SHEAR 
0.0 BASE SHEAR SECTION (ADDED BY KRC) 
COLUMNS 
1 1 -1080.0 0 
1.0 0.0 0.0 
0.0 1.0 0.0 
0.0 0.0 1.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
1 2 -900.0 1 
1 3 -720.0 1 
1 4 -360.0 1 
1 5 0.0 1 
1 6 360.0 1 
1 7 720.0 1 
1 8 900.0 1 
1 9 1080.0 1 
BRACES 
4 1 -720.0 0 
1.0 0.0 0.0 
0.0 1.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
4 2 720.0 1 
DEFINE STORY DRIFT RATIOS 
l/(STORY HEIGHT}= 1/180" 0.005555 FOR FIRST STORY 
= 1/156" 0.006410 FOR ALL OTHER STORIES 
*GENDISP 
23 1 0.005555 FIRST STORY DRIFT RATIO 
*GENDISP 
37 1 0.006410 SECOND STORY DRIFT RATIO 
23 1 -0.006410 
*GENDISP 
51 1 0.006410 THIRD STORY DRIFT RATIO 
37 1 -0.006410 
*GENDISP 
65 1 0.006410 FOURTH STORY DRIFT RATIO 
51 1 -0.006410 
*GENDISP 
79 1 0.006410 FIFTH STORY DRIFT RATIO 
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S 111 01-01 0104 1 
! ------------------------------------------------------------------
*SLAVING 
REQUIRE ALL HORIZONTAL DISPLACEMENTS ON A FLOOR TO BE THE SAME 
MASTER SLAVE SLAVE 1 
S 100 0201 0202 0204 1 
S 100 0301 0302 0304 1 
S 100 0401 0402 0404 1 
S 100 0501 0502 0504 1 
S 100 0601 0602 0604 1 
S 100 0701 0702 0704 1 
S 100 0801 0802 0804 1 
S 100 0901 0902 0904 1 
S 100 1001 1002 1004 1 
*MASSES 
S 
G 
S 
S 
CONSIDER BOTH X AND Y MASS, NEGLECT ROTATIONAL MASS 
CONSIDER X AND Y MASS SEP~~ATELY SO THAT EFFECT OF VERTICAL LOAD 
CARRYING SYSTEM CAN BE ACCOUNTED FOR IN Y-MASS. 
X-MASS 
100 163.0 0201 0204 1 386.4 1.0 
100 162.0 0301 0304 1 0901 100 
100 128.0 1001 1004 1 
Y-MASS 
010 32.8 0201 0204 1 386.4 1.0 
G 010 32.1 0301 0304 1 0901 100 
SOlO 24.5 1001 1004 1 
*ELEMENTGROUP 
DEFINE COLUMNS (ALLOW FOR P-DELTA FOR STATIC ANALYSIS) 
2 1 1 1.0 COLUMN SECTIONS 
INPUT SPECIFIC TO ELEMENT TYPE 2 
6 0 7 
STIFFNESS TYPES 
1 29000. 0.00 41.6 7450. 4.0 4.0 2.0 
2 29000. 0.00 34.2 4930. 4.0 4.0 2.0 
3 29000. 0.00 26.4 3620. 4.0 4.0 2.0 
4 29000. 0.00 24.8 2850. 4.0 4.0 2.0 
5 29000. 0.00 16.2 1350. 4.0 4.0 2.0 
6 29000. 0.00 16.7 1170. 4.0 4.0 2.0 
YIELD SURFACE TYPES 
YIELD STRESS TAKEN AS 40.9 KSI 
1 2 21023.0 21023.0 1368.00 1701.00 1.0 0.125 1.0 0.125 
2 2 21023.0 21023.0 1451. 00 1701.00 1.0 0.125 1.0 0.125 
3 2 15460.0 15460.0 1145.00 1399.00 1.0 0.125 1.0 0.125 
4 2 11575.0 11575.0 867.00 1080.00 1.0 0.125 1.0 0.125 
5 2 9980.0 9980.0 809.00 1014.00 1.0 0.125 1.0 0.125 
6 2 5481. 0 5481. 0 342.00 663.00 1.0 0.125 1.0 0.125 
7 2 5276.0 5276.0 357.00 683.00 1.0 0.125 1.0 0.125 
ELEMENT GENERATION COMMANDS 
FIRST STORY COLUMNS 
1 0101 0201 1 1 1 1 
2 0102 0202 1 1 1 1 
3 0103 0203 1 1 1 1 
4 0104 0204 1 1 1 1 
SECOND STORY COLUMNS 
NOTE: EVEN THOUGH COLUMN SIZE IS THE SAME AS USED ON FIRST STORY, 
THE YIELD SURFACE DEFINITION CHANGES BECAUSE OF THE CHANGE IN 
LENGTH OF THE COLUMN (LENGTH AFFECTS BUCKLING LOAD WHICH AFFECTS 
Py) 
5 0201 0301 1 1 2 2 
6 0202 0302 1 1 2 2 
7 0203 0303 1 1 2 2 
8 0204 0304 1 1 2 2 
! THIRD STORY COLUMNS 
9 0301 0401 1 2 3 3 
10 0302 0402 1 2 3 3 
11 0303 0403 1 2 3 3 
12 0304 0404 1 2 3 3 
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20 0802 0803 1 2 2 
21 0803 0804 1 2 2 2 
! EIGHTH FLOOR 
22 0901 0902 1 2 2 2 
23 ·-0902 0903 1 2 2 2 
24 0903 0904 1 2 2 2 
! NINTH FLOOR (ROOF) 
25 1001 1002 1 3 3 3 
26 1002 1003 1 3 3 3 
27 1003 1004 1 3 3 
! ------------------------------------------------------------------
*SECTION 
DEFINE A STRUCTURAL SECTION TO MONITOR BASE SHEAR 
0.0 BASE SHEAR 
1 1 450.0 0 
TRANSFORMATION MATRIX 
1.0 0.0 0.0 
0.0 1.0 o .0 
0.0 0.0 1.0 
0.0 0.0 0.0 
0.0 0.0 o .0 
o .0 0.0 o .0 
1 2 150.0 1 
1 3 -150.0 1 
1 4 -450.0 1 
DEFINE INTERSTORY DRIFT RATIOS AS GENERALIZED DISPLACEMENTS 
15 FT X 12 IN/FT 180 IN 1/180=0.005556 
13 FT X 12 IN/FT = 156 IN 1/156=0.006410 
*GENDISP 
0201 
*GENDISP 
0301 
0201 
*GENDISP 
0401 
1 0.005556 
1 0.006410 
1 -0.006410 
1 0.006410 
0301 1 -0.006410 
*GENDISP 
0501 
0401 
*GENDISP 
0601 
0501 
*GENDISP 
0701 
1 0.006410 
1 -0.006410 
1 0.006410 
1 -0.006410 
1 0.006410 
0601 1 -0.006410 
*GENDISP 
0801 1 0.006410 
0701 1 -0.006410 
*GENDISP 
0901 1 0.006410 
0801 1 -0.006410 
*GENDISP 
1001 1 0.006410 
0901 1 -0.006410 
*STOP 
FIRST STORY DRIFT 
SECOND STORY DRIFT 
THIRD STORY DRIFT 
FOURTH STORY DRIFT 
FIFTH STORY DRIFT 
SIXTH STORY DRIFT 
SEVENTH STORY DRIFT 
EIGHTH STORY DRIFT 
NINTH STORY DRIFT 
B.4.2 DRAIN-2DX Gravity Load File 
*ELEMLOAD 
DEFINE FIXED END FORCE PATTERNS TO BE USED. PATTERNS ARE DEFINED 
FOR UNIT LOAD VALUES. PATTERNS ARE SCALED LATER TO REFLECT ACTUAL 
LOADING. 
FIXED END FORCES DEFINED BELOW BASED ON I,J FROM LEFT TO RIGHT AND 
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C 53 O. 1116. 
C 55 300. 1116. 
C 57 600. 1116. 
C 59 900. 1116. 
C 61- o. 1272 . 
C 63 300. 1272. 
C 65 600. 1272 . 
C 67 900. 1272. 
C 69 O. 1428. 
C 71 300. 1428. 
C 73 600. 1428. 
C 75 900. 1428. 
C 77 o. 1584. 
C 79 300. 1584. 
C 81 600. 1584. 
C 83 900. 1584. 
C 85 O. 1740. 
C 87 300. 1740. 
C 89 600. 1740. 
C 91 900. 1740. 
C 93 o. 1896. 
C 95 300. 1896. 
C 97 600. 1896. 
C 99 900. 1896. 
*RESTRAINTS 
FIX ALL BASE NODES 
S 111 1 4 1 
! ------------------------------------------------------------------
* SLAVING 
REQUIRE ALL HORIZONTAL DISPLACEMENTS ON A FLOOR TO BE THE SAME 
MASTER SLAVE SLAVE 2 
S 100 5 7 11 2 
S 100 13 15 19 2 
S 100 21 23 27 2 
S 100 29 31 35 2 
S 100 37 39 43 2 
S 100 45 47 51 2 
S 100 53 55 59 2 
S 100 61 63 67 2 
S 100 69 71 75 2 
S 100 77 79 83 2 
S 100 85 87 91 2 
S 100 93 95 99 2 
*MASSES 
X-MASS 
S 100 163.12 5 11 2 386.4 1.0 
S 100 161.50 13 91 2 
S 100 128.25 93 99 2 
------------------------------------------------------------------
"ELEMENTGROUP 
DEFINE COLUMNS (CONSIDER P-DELTA) 
2 1 1 1.0 COLUMN SECTIONS 
7 a 9 
STIFFNESS TYPES 
1 29000. 0.05 59.1 11500. 4.0 4.0 2.0 
2 29000. 0.05 49.5 9290. 4.0 4. a 2.0 
3 29000. 0.05 44.7 8160. 4.0 4. a 2.0 
4 29000. 0.05 41.6 7450. 4.0 4.0 2.0 
5 29000. 0.05 36.5 5360. 4.0 4.0 2.0 
6 29000. 0.05 29.1 3990. 4.0 4.0 2.0 
7 29000. 0.05 27.7 2700. 4.0 4. a 2.0 
YIELD SURFACE TYPES 
YIELD STRESS TAKEN AS 40.9 KSI 
1 2 31574.8 31574.8 2201. 2417.19 1.0 .125 1.0 .125 
2 2 31574.8 31574.8 2255. 2417.19 1.0 .125 1.0 .125 
3 2 25726.1 25726.1 1658. 2024.55 1.0 .125 1.0 .125 
4 2 25726.1 25726.1 1748. 2024.55 1.0 .125 1.0 .125 
5 2 22863.1 22863.1 1573. 1828.23 1.0 .125 1.0 .125 
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1 29000.0 0.05 36.5 5360. 4.0 4.0 2.0 
2 29000.0 0.05 31.7 4470. 4.0 4.0 2.0 
3 29000.0 0.05 27.7 2700. 4.0 4.0 2.0 
4 29000.0 0.05 22.4 2100. 4.0 4.0 2.0 
YIELD SURFACE TYPES 
YIELD STRESS TAKEN AS 40.9 KSI 
1 1 16687.2 16687.2 
2 1 14151.4 14151.4 
3 1 10388.6 10388.6 
4 1 8180. 8180. 
ELEMENT GENERATION COMMANDS 
LEVEL 1 
1 5 7 1 1 1 
2 7 9 1 1 1 
3 9 11 1 1 1 
LEVEL 2 
4 13 15 1 1 1 
5 15 17 1 1 1 
6 17 19 1 1 1 
LEVEL 3 
7 21 23 1 1 1 
8 23 25 1 1 1 
9 25 27 1 1 1 
LEVEL 4 
10 29 31 1 1 1 
11 31 33 1 1 1 
12 33 35 1 1 1 
LEVEL 5 
13 37 39 1 1 1 
14 39 41 1 1 1 
15 41 43 1 1 1 
LEVEL 6 
16 45 47 1 1 1 
17 47 49 1 1 1 
18 49 51 1 1 1 
LEVEL 7 
19 53 55 2 2 2 
20 55 57 2 2 2 
21 57 59 2 2 2 
LEVEL 8 
22 61 63 2 2 2 
23 63 65 2 2 2 
24 65 67 2 2 2 
LEVEL 9 
25 69 71 2 2 2 
26 71 73 2 2 2 
27 73 75 2 2 2 
LEVEL 10 
28 77 79 3 3 3 
29 79 81 3 3 3 
30 81 83 3 3 3 
LEVEL 11 
31 85 87 3 3 3 
32 87 89 3 3 3 
33 89 91 3 3 3 
LEVEL 12 (ROOF) 
34 93 95 4 4 4 
35 95 97 4 4 4 
36 97 99 4 4 4 
------------------------------------------------------------------
""SECTION 
DEFINE A STRUCTURAL SECTION TO MONITOR BASE SHEAR 
0.0 BASE SHEAR 
1 1 -450.0 0 
TRANSFORMATION MATRIX 
1.0 0.0 0.0 
0.0 1.0 0.0 
0.0 0.0 1.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
L 
I 
L. 
l. __  
I L-, __ 
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B.6 2-Stoty MRF: Input Files Used in DRAIN-2DX Analyses 
B.6.1 DRAIN-2DX Geometry File 
2 STORY SMRSF 
(DESIGNED BY S.W.Han)----INPUT MODIFIED BY KRC 
: UNITS ARE IN KIPS, INCHES, AND SECONDS 
THIS FILE ONLY OUTLINES THE GEOMETRY OF THE STRUCTURE. 
OTHER INPUT FILES ARE USED LATER TO DETERMINE DAMPING, MODE 
SHAPES, NATURAL FREQ, AND TO PERFORM STATIC AND DYNAMIC ANALYSIS. 
NOTE: THE DAMPING PARAMETERS ALPHA AND BETA ARE SET TO 1 IN THIS FILE. 
THEY MUST BE SCALED TO THEIR PROPER VALUES IN LATER INPUT FILES 
USING THE "*PARAMETER" COMMAND. 
*STARTXX 
MRF2 o 2 1 1 2-STORY BUILDING (SW HAN) 
! ------------------------------------------------------------------
*NODECOORDS 
GENERATE CONTROL NODES 
C 1 O. O. 
C 2 300. O. 
C 3 600. O. 
C 4 900. O. 
C 5 O. 180. 
C 7 300. 180. 
C 9 600. 180. 
C 11 900. 180. 
C 13 O. 336. 
r 15 300. 336. '--
C 17 600. 336. 
C 19 900. 336. 
*RESTRAINTS 
FIX ALL BASE NODES 
S 111 1 4 1 
! ------------------------------------------------------------------
* SLAVING 
REQUIRE ALL HORIZONTAL DISPLACEMENTS ON A FLOOR TO BE THE SAME 
MASTER SLAVE SLAVE 
S 100 5 7 11 2 
S 100 13 15 19 2 
*MASSES 
X-MASS 
S 100 163.18 
S 100 128.28 
*ELEMENTGROUP 
DEFINE COLUMNS 
5 
13 
(CONSIDER 
11 
19 
P-DELTA) 
2 
2 
2 1 1 1.0 COLUMN SECTIONS 
3 0 3 
STIFFNESS TYPES 
1 29000. 0.05 22.6 1110. 4.0 4.0 
2 29000. 0.05 20.0 723. 4.0 4.0 
3 29000. 0.05 17.9 640. 4.0 4.0 
YIELD SURFACE TYPES 
YIELD STRESS TAKEN AS 40.9 KSI 
1 2 6135.0 6135.0 752.58 924.34 1.0 
2 2 4703.5 4703.5 703. 818. 1.0 
3 2 4171.8 4171.8 628.29 732.11 1.0 
2.0 
2.0 
2.0 
.125 1.0 
.125 1.0 
.125 1.0 
386.4 1.0 
.125 
.125 
.125 
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LOADING. 
FIXED END FORCES DEFINED BELOW BASED ON I,J FROM LEFT TO RIGHT AND 
LOADS ACTING DOWN. 
GREL 
G 2 1 -
GRAVITY LOAD PATTERNS 
DEFINE FIXED END FORCES (L = CONSTANT = 25 FT = 300 IN) 
1 0 1.0 0.0 150.0 7500.0 0.0 150.0 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
1 3 1 0.142 
4 6 1 0.106 
B.7 5-Story CBF: Input Files Used in DRAIN-2DX Analyses 
B.7.1 DRAIN-2DX Geometry File 
CONCENTRICALLY BRACED FRAME EXAMPLE ORIGINALLY DESIGNED BY MR. YU 
(UNIVERSITY OF ILLINOIS) - MODIFIED BY KRC TO BE COMPATIBLE WITH 
PC-DRAIN 
10/12/94 UNITS: KIPS, INCH, SECONDS 
NOTE: THIS FILE CONTAINS ONLY GEOMETRY DATA. OTHER INPUT FILES 
ARE USED TO DETERMINE DAMPING, MODE SHAPES, NATURAL FREQ, 
AND TO PERFORM STATIC AND DYNAMIC ANALYSIS. 
NOTE: DAMPING PARAMETERS ALPHA AND BETA ARE SET TO 1 IN THIS FILE. 
THEY WILL BE SCALED LATER TO PROPER VALUES. 
*STARTXX 
CBF_YU o 2 1 1 5-STORY CONC. BRACED FRAME 
! -------------------------------------------------------------------
*NODECOORDS 
GENERATE CONTROL NODES 
C 1 0.0 0.0 
C 2 180.0 0.0 
C 3 360.0 0.0 
C 4 720.0 0.0 
C 5 1080.0 0.0 
C 6 1440.0 0.0 
C 7 1800.0 0.0 
C 8 1980.0 0.0 
C 9 2160.0 0.0 
C 10 0.0 180.0 
C 11 180.0 180.0 
C 12 360.0 180.0 
C 13 720.0 180.0 
c 14 1080.0 180.0 
C 15 1440.0 180.0 
C 16 1800.0 180.0 
C 17 1980.0 180.0 
C 18 2160.0 180.0 
c 46 0.0 804.0 
C 47 180.0 804.0 
C 48 360.0 804.0 
C 49 720.0 804.0 
C 50 1080.0 804.0 
C 51 1440.0 804.0 
C 52 1800.0 804. 0 
C 53 1980.0 804.0 
C 54 2160.0 804.0 
GENERATE NODES ALONG VERTICAL LINES 
-7500.0 
L 
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2 - 2 11 4 5 5 ( 3 3 12 7 8 8 I 4 4 13 1 10 11 11 L 7 7 16 7 8 8 
8 8 17 4 5 5 
l_ 9 9 18 1 1 1 SECOND STORY COLUMNS 10 10 19 1 2 2 
11 11 20 5 6 6 
12 12 21 8 9 9 
13 13 22 1 11 12 12 
16 16 25 8 9 9 
17 17 26 5 6 6 
18 18 27 1 2 2 
THIRD STORY COLUMNS 
19 19 28 2 3 3 
20 20 29 5 6 6 
21 21 30 8 9 9 
22 22 31 1 11 12 12 
25 25 34 8 9 9 
26 26 35 5 6 6 
27 27 36 2 3 3 
FOURTH STORY COLUMNS 
28 28 37 2 3 3 
29 29 38 6 7 7 
30 30 39 9 10 10 
31 31 40 1 12 13 13 
34 34 43 9 10 10 
35 35 44 6 7 7 
36 36 45 2 3 3 
FIFTH STORY COLUMNS 
37 37 46 3 4 4 
38 38 47 6 7 7 
39 39 48 9 10 10 
40 40 49 1 12 13 13 
43 43 52 9 10 10 
44 44 53 6 7 7 
45 45 54 3 4 4 
*ELEMENTGROU? 
DEFINE HORIZONTAL MEMBERS ("BEAMS" ) 
1 1 1 1.0 Girder-Truss Element (BEAMS) 
8 
STIFFNESS TYPES (NOTE THAT INPUT IS YIELD STRESS, NOT YIELD FORCE! ) 
1 29000.0 0.05 6.5 40.900 38.308 0 
2 29000.0 0.05 14.7 40.900 39.116 0 
3 29000.0 0.05 14.7 40.900 38.095 0 
4 29000.0 0.05 13 .2 40.900 39.091 0 
5 29000.0 0.05 10.3 40.900 39.223 0 
6 29000.0 0.05 5.6 40.900 38.214 0 
7 29000.0 0.05 7.7 40.900 38.831 0 
8 29000.0 0.05 13.0 40.900 38.000 0 
ELEMENT GENERATION 
FIRST FLOOR 
1 10 11 1 
2 11 12 2 
3 12 13 1 3 
7 16 17 2 
8 17 18 1 
SECOND FLOOR 
9 19 20 1 
10 20 21 2 
1.1 21 22 1 3 
15 25 26 2 
16 26 27 1 
THIRD FLOOR 
17 28 29 1 
18 29 30 4 
19 30 31 1 3 
23 34 35 4 
24 35 36 1 
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! l/{STORY HEIGHT)= 1/180" 0.005555 FOR FIRST STORY 
1/156" 0.006410 FOR ALL OTHER STORIES 
*GENDISP 
18 1 0.005555 FIRST STORY DRIFT RATIO 
I 
L 
*GENDISP 
27 1 0.006410 SECOND STORY DRIFT RATIO 
18 1 -0.006410 
*GENDISP 
36 1 0.006410 THIRD STORY DRIFT RATIO 
27 1 -0.006410 
*GENDISP 
1 _____ _ 45 1 0.006410 FOURTH STORY DRIFT RATIO 
36 1 -0.006410 
*GENDISP 
54 1 0.006410 FIFTH STORY DRIFT RATIO 
45 1 -0.006410 
*STOP 
B.7.2 DRAIN-2DX Gravity Load File 
*NODALOAD 
! USE DEAD LOAD VALUES OF NODAL LOADS CALCULATED BY MR. YU 
dead Dead load 
S 0.0 -30.24 0.0 10 18 8 
S 0.0 -29.58 0.0 19 37 9 
S 0.0 -29.58 0.0 27 45 9 
S 0.0 -26.26 0.0 46 54 8 
S 0_0 -38.00 0.0 12 16 1 
S 0.0 -38.00 0.0 21 25 1 
S 0.0 -38.00 0.0 30 34 1 
S 0.0 -38.00 0.0 39 43 1 
s 0.0 -32.00 0.0 48 52 1 
j 
L. 
... -
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WIOx19 W12x26 W21x44 
W2lx50 
W21x50 
W2lx50 
W21x50 
I H H H 
15 ft 15 ft 30 ft 
Figure B.2. Member sizes and dimensions for 5-story CBF. 
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where NSDRIFT is a bias (correction) factor [Ang, 1973; Ang and Tang, 1984] which is a random 
variable. Combining Equations (C.2) and (C.3) and substituting the result into Equation (C. I) gives 
(after rearranging terms) 
P[ N DRIFT C F > ~ S CODE H (2n ) 2 ] < 
S e g R p* T* - Pt 
I-'LG 
(C.4) 
Within the brackets in Equation (C.4), the quantity NsDRIFfCeF is the product of three random 
variables and thus is a random quantity. Let qt be the value of the random variable Q=NsDRIFTCeF 
such that 
P[ Q > qt ] = Pt (C.S) 
In other words, qt is the (l-Pt) percentile value of the product NsDRIFfCeF. Then, once the value of 
qt is determined, the condition in Equation (C.4) is satisfied if 
q < ~SCODE H (2n ) 2 (C.6) 
t - g ~LGP* T* 
Define the "design factor", Qt, as the ratio of qt to the product of the design values of NsDRIFT, 
Ce, and F. Let the design values of these parameters be n, ce, and f, respectively. Then, the design factor 
is formally defined as 
Qt = ..SL (C.7) 
ncef 
Combining Equations (C.6) and (C.7) gives the deterministic design-chec~.dng equation 
Q nc f ::;; ~s CODE H (2rc ) 2 (C.8) 
t e g R p* T* 
I-'LG 
NOTE: The values of qt were estimated for two target probabilities using a First-Order Reliability 
Method (FORM) technique. (For a discussion of FORM techniques, see Ang and Tang [1984].) The 
perfonnance function used in the FORM analysis, based on Equation (C.S), was 
(C.9) 
Once the value of qt corresponding to a target exceedance probability was found, the design factor was 
calculated using Equation (C.7). The use of FORM techniques is suitable for this case because it 
provides a convenient way to consider the possible variation ofF with input ground motion level, Aa. 
C.3 Design-Checking Equations for Nonlinear Inelastic Response: Global Ductility 
Global ductility, IlMDOf, is defined as the ratio of the maximum lateral displacement of the roof 
of the MDOF structure (Dmax) divided by the global yield displacement of the structure (Dy) obtained 
from a static pushover analysis. For design, it is necessary to determine the value of Dy=Dyt required 
for the MDOF structure such that 
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where ZS=F is the function describing the probability of exceeding a target ductility Ilt (as a function 
of yield force coefficient) when S=F (see Equation (5.6», the superscript -1 implies inverse, and the 
quantity g(T*)2j(21t)2 is the conversion factor relating yield force coefficient and yield displacement 
at a given period T=T*. (T* is the period of the equivalent system model.) 
In design, it is not practical to evaluate Equation (C. 15) for each structural design. Instead, it is 
more convenient to calculate the value of Dy,ESt using 
t F * t Dy,ES = Qt P f (dy for S = 1) (C.16) 
where Ql is a design factor provided by the code which has been calibrated for the target values of 
Pt and Jlt, f is the design value of the soil factor, and d/ is the yield displacement corresponding to the 
value of C/ obtained from the nonlinear uniform hazard spectrum (see Chapter 2) for the target Pt and 
target ductility !-Lt. Equations (C. 15) and (C.16) can be combined to provide a definition of the design 
factor as follows: 
F Cy(!-Lu for random scale factor F and target Pt 
Qt =----------------------------------------f [Value of Cy(llu from uniform hazard spectra] (C.17) 
(The deterministic factor p* cancels out and thus does not affect Equation (C.17).) Thus, the response 
of the equivalent system model can be expressed in probabilistic form as follows: 
[ 
t (""\ F *' (T*) 2 ] PilES @ Dy,ES = ~~t P f g 2n Cy(Jlu > Ilt = Pt (C.18) 
where the notation "@ Dy,ES t" emphasizes that the nonlinear response is based on the value of the yield 
displacement of the equivalent system model. 
To relate Equation (C.18) to Equation (C.IO), it is necessary to consider the approximate nature 
of the equivalent system methodology in predicting roof displacement Recall that the equivalent 
system model uses Dy,ES=Dy where Dy is the global yield displacement of the MDOF structure. The 
true roof displacement, Dmax, can be related to the maximum roof displacement predicted by the 
equivalent system model, DES, by using a bias (correction) factor NUD1SP, i.e., 
(C.19) 
where the notations "@ Dy" and "@ Dy,ES" are again used to emphasize that the nonlinear response 
behavior is dependent on the value of yield displacement Normalizing both sides by the yield 
displacement (Dy,ES=Dy) gives 
( IlMDOF @ Dy) = ( Nu DISP !-LES @ Dy) 
Substituting Equation (C.20) into Equation (C.IO) gives 
Within the parentheses, dividing through by the bias factor gives 
t IlcODE 
P(IlEs @ Dy > DISP) = Pt 
Nu 
(C.20) 
(C.21) 
(C.22) 
! 
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S=P*F, the ductility of the equivalent system model can be related to the ductility of the SDOF 
oscillator as shown in Equation (C. 14). Also, the probabilistic statement regarding the ductility 
response of the equivalent system (Equation (C.18» is still applicable. 
In the- equivalent system methodology, the maximum inters tory drift ratio for the structure is 
estimated by multiplying DES by the quantity ~LG/H. Thus, the estimated maximum interstory drift 
ratio from the equivalent system model, ~ES, is 
(C.27) 
This is an approximate estimate of the true maximum interstory drift ratio, and a bias factor is needed 
to relate the true drift ratio for the structure to the estimated drift ratio as follows: 
DRIFT ~ @ Dy = Nu ~ES @ Dy,ES (C.28a) 
(C.28b) 
where the notations "@ Dy" and "@ Dy,ES" indicate that the nonlinear responses are dependent on 
the yield displacement. (Recall that Dy=Dy,ES.) Equation (C.28) can be rewritten in terms of the 
ductility response of the equivalent system model as 
DRIFT ~LG ~ @ Dy = (Nu JlESDY)H @ Dy (C.29) 
Substituting Equation (C.29) into Equation (C.26) gives 
( 
DRIFT ~LG u) P Nu JlESDYH @ Dy > ~ CODE :s; Pt (C.30) 
or, equivalently, 
[ 
~uCODE H J < P flES @ Dy > DRIFT Po D - Pt 
Nu I-'LG y 
(C.31) 
Using the same concept as used in developing Equation (C.23b), it is convenient to find the value of 
a design factor QtN such that when it is multiplied by the design value (e.g., the mean value) of the 
bias factor, nuDRIFT, the following relationship holds: 
[ 
~uCODE H ] 
P JlES @ Dy > n N DRIFT R D = Pt 
~~t nu I-'LG y 
(C.32) 
The value of QtN used in Equation (C.32) depends on the distribution of the bias factor NuDRIFT. Thus, 
in general, the value of QtN used in Equation (C.32) is not necessarily equal to the value used in 
Equations (C.23b), (C.24), and (C.25). 
Finally, it is necessary to express the drift requirement in terms of ductility. If the check for global 
ductility discussed in Section C.3 is done flIst, then the value of Jl' corresponding to Dy=Dy,ES and Pt 
is known. Thus, 
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APPENDIXD 
CALCULATIONS FOR DESIGN EXAMPLE 
D.I General Information 
This appendix contains two sets of calculations pertaining to the 2-story MRFs discussed in 
Chapter 6. In the first set of calculations, the analysis procedures described in Chapter 6 are applied 
to the original2-story moment frame design (see Chapter 4) to determine the values of ~sCODE and 
~ U CODE required for the design to be acceptable. The target exceedance probabilities are assumed 
to be 50% in 50 years for the serviceability limit state and 10% in 250 years for the ultimate limit state. 
In the second set of calculations, the analysis procedures are used to evaluate the modified design 
presented in Chapter 6. These calculations verify that the modified design satisfies the hypothetical 
perfonnance criteria considered in Chapter 6. 
D.2 Calculations for Original Design 
SERVICEABILITY: 
Pt = 50% in 50 years. 
Total structure height = H = 28 ft = 336 inches. 
Story heights: hI = 15 ft = 180 inches. 
h2 = 13 ft = 156 inches. 
From linear elastic push-over analysis (see Figure 4.2 in Chapter 4), 
K=104 kips/inch. 
{'If I} T={ 1.0, 0.532}. 
All equivalent system parameters are defined using {'If2}T={ 1.0, 1.0}. 
* _ L* _ 
P - M* - 1.35 
,. 
L 
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ULTIMATE: 
Pt = 10% in 250 years. 
Assume th~t the code-specified global ductility threshold is IJ-cODE = 4. 
From the nonlinear push-Dver analysis (see Figure 4.2 in Chapter 4), 
K = 103 kips/inch 
Dy = 2.6 inches 
a = 0.10 
{'¥I}T = {l.0, 0.615} 
NOTE: The uniform hazard curves for nonlinear response are based on a stiffness ratio of 5%. For 
demonstration purposes, it is assumed that the effects of different stiffness ratios are negligible. Thus, 
the uniform hazard curves for a = 5% are used in the following calculations without modification. 
All equivalent system parameters are defined using {'¥2}T={ l.0, l.0}. 
M* = {'I'2 l T[M]{'¥tl = {l.O, l.Ol[ 19~8 1~6~9]{ 0~6~5} = 2.37 kiPSin- s2 
L* = {'¥2}T[M]{1} = {l.0, l.0}[1.328 0.0 ]{1.0} = 3.02 kips. - s2 0.0 1.689 1.0 In 
* L* P = -* = 1.27 M 
R = H[ '¥l,i - '¥l,i-l] = rna { 1.0 - 0.615 0.615 - o} (336 
t-'LG h. max X 156' '180' 1 In. In. 
in.) = 1.15 
K* = K since {'¥2} = {I} 00* = j~: = 6.6 r~d * 2rt T = --* = 0.95 s 
(0 
From Tables 4.4 and 4.5, for the 2-story MRF, the mean value of NuD1SP is 0.89 and the mean value 
of NuDRIFT is 0.96 (base shear formulation). For this example, assume that the value of QtN is 1.1 
for both bias factors. 
The design value of the bias factor NuD1SP is assumed to be the mean value. Thus, ntfISP=O.89. The 
target ductility, Jlt, is 
JlCODE 4_ 
Jlt = Q N DISP = (1.1)(0.89) - 4.1 
t nu 
(use Jlt = 4) 
From the uniform hazard curves for nonlinear response corresponding to Pt = 10% in 250 years, 
Cy(Jlt=4, T=O.7 s) = 0.27 and Cy(IJ-t=4, T=1.0 s) = 0.22. Using linear interpolation, Cy(IJ-t=4, T=T*) 
=0.23. 
From Table 5.3, Qt(Jlt=4, T=0.7 s) = 1.27 and nl(IJ-t=4, T=1.0 s) = 1.25. Using linear interpolation, 
Ql(Jlt=4, T=T*) = 1.25. 
The soil factor, f, is equal to 0.56. 
L 
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D.3 Calculations for Revised Design 
SERVICEABILITY: 
Pt = 50% in 50 years. ~SCODE = 0.5% = 0.005. 
Total structure height = H = 28 ft = 336 inches. 
Story heights: hI = 15 ft ='180 inches. 
h2 = 13 ft = 156 inches. 
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From linear elastic push-over analysis (see Figure 6.1 in Chapter 6), 
K=232 kips/inch. 
{WI}T={ 1.0, 0.560}. 
All equivalent system parameters are defined using {W2}T={ 1.0, 1.0}. 
* T [1.328 O.O]{ 1.0 } kips - S2 
M = {W 2} [M] {W I} = {1.0, 1.0} 0.0 1.689 0.560 = 2.27 in 
L* = {W2}T[M]{1} = {1.0, 1.0}[1.328 0.0 ]{1.0} = 3.02 kips. - s2 0.0 1.689 1.0 In 
p* = L: = 1.33 
M 
~ = H[ W 1,i - W 1,i -1] = max{ 1.0 - 0.560 0.560 - o} (336 .) 1 05 
PLG hi max 156 in. ' 180 in. In. = . 
K* = K since {'I'2} = {I} w' = j~: = 10.1 r~d * 21t T = --* = 0.62 s 
ill 
From the uniform hazard curves corresponding to Pt = 50% in 50 years, Ce(T=O.5 s) = 0.42 and 
Ce(T=0.7 s) = 0.33. Using linear interpolation, Ce(T=T*) = 0.37. 
( g = 386.41~ ) 
S 
From Table 5.2, Qt(T=O.5 s) = 1.24 and QtCT=O.7 s) = 1.19. Using linear interpolation, Qt(T=T*) = 
1.21. 
Since T* is in the mid-period range, f=O.56 as in Section D.2. The design value of the bias factor, n, 
is 1.0. 
From Chapter 6, the requirement for the serviceability limit state is 
H ~s 
S dCT*) :5 C~DE 
Qt f n P ~LG 
< C336 in.)(0.005) = 1.8 inches 
- (1.21)(0.56)(1.0)(1.33)(1.05) . 
j 
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The target ductility, ~t, is 
~CODE 4 ~t = II N DISP = (1.1)(0.89) = 4.1 
~~t nu 
(use ~t = 4) 
From the uniform hazard curves for nonlinear response corresponding to Pt = 10% in 250 years, 
CyC~t=4, T=O.5 s) = 0.34 and Cy(~t=4, T=O.7 s) = 0.27. Using linear interpolation, CyCllt=4, T=T*) 
=0.29. 
From Table 5.3, QlC~t=4, T=O.5 s) = 1.27 and Qt(~t=4, T=0.7 s) = 1.27. Thus, QlC~t=4, T=T*) = 
1.27. 
The soil factor, f, is equal to 0.56. 
The required global yield displacement is 
D t = Q F p* f [ (~) 2] Y t g 2n 
= (1.27)(1.26)(0.56{ (386.4 ~)( O.~~ s) 2] (0.29) 
= 1.04 inches 
Since the actual global yield displacement, Dy, is larger than the required global yield displacement, 
Dy\ the performance criterion for global ductility is satisfied. 
Since Dy is larger than Dyt, it is necessary to find the ductility, ~', corresponding to Dy and Pt. 
Assuming that Ql is not a strong function of ductility, the yield force coefficient corresponding to Dy 
is 
Dy Cy(~', T*) = F T·' 
Qt p* f [g(2i")2] 
_ 2.8 in. = 0.78 
(1.27)(1.26)(0.56)[(386.4 in/s2)( o.~ s) 2] 
Check ~' = 2. From the unifonn hazard curves, Cy(~=2, T=0.5 s) = 0.54 and Cy(~=2, T=O.7 s) = 0.46. 
Using linear interpolation, Cy(~=2, T=T*) = 0.48. Since Cy(~=2, T=T*) is less than Cy(Il', T*), ~' is 
less than 2. The elastic force coefficient, Ce, can also be interpreted as Cy(Jl=l). From the unifonn 
hazard curves for elastic response, CeCT=O.5 s) = Cy(!l=l, T=0.5 s) = 1.09 and Cy(Jl=l, T=O.7 s) = 1.06. 
Using linear interpolation, Ce(T=T*) = Cy(~=l, T=T*) = 1.07. Then, using linear interpolation 
between CyC!l=2, T=T*) and Cy(~=l, T=T*), the value of Jl' corresponding to Cy(Jl') is about 1.5. 
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